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ABSTRACT 

 

 Protection of downstream channels and reduction in flooding can potentially be 

improved by evaluating alternative site stormwater management (SWM) strategies at a 

watershed scale and selecting the optimal strategy for a subject watershed.  Tailoring a 

management strategy for a specific watershed may be worthwhile to minimize 

development costs and maximize downstream benefit.  A hydrologic/hydraulic model for 

a watershed in Blacksburg, Virginia, is used to evaluate downstream results based on 

implementation of several alternative SWM strategies currently practiced within the 

United States.   

 

 Results show none of the strategies meet the goal of maintaining the baseline goal 

at the watershed POI for the full range of design storms.  Modification to the strategy that 

performs best at the watershed scale did meet the watershed goal for all design storms 

except the 1-year.  For smaller storm events, it appears that increasing the volume of an 

initial capture and the drawdown time to release that volume does not increase 

performance downstream.  This is potentially significant as extra dollars spent on site 

would not provide extra benefit downstream.  When post-development peak runoff rates 

are detained to the predevelopment rate for larger storm events, whether based on a site 

or watershed focused strategy, the watershed goal can be met.  A volume reduction 

strategy performs well, but implementation is hindered by soils with poor infiltration and 

the presence of karst. 

 

 Other insight to watershed based management strategies, the role of regional 

facilities and predevelopment condition assumptions at the site scale to maintain a 

baseline condition downstream are discussed.  
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1 Introduction 

 The predominant stormwater management strategy used by most jurisdictions for 

improving conditions at receiving streams has been on-site detention at the site 

development scale to maintain predevelopment peak flows for specified design storms.  

This strategy is referred to throughout this report as the Traditional Management 

Strategy.  A more recent strategy includes treatment of the “first flush” to reduce 

pollutant loads from passing downstream.  The addition of the treatment of the first flush 

can affect runoff response in some cases when runoff volumes are infiltrated or released 

over an extended period of time.  Often municipalities find the need to construct regional 

stormwater management facilities to mitigate downstream flooding problems in spite of 

the presence of traditional stormwater management upstream.  Planning and installation 

of these regional facilities are typically reactionary in nature in that available land, 

funding and flood prone areas dictate design.  Although these facilities may alleviate 

immediate downstream flooding problems, the benefit from the capital investment may 

be localized in that benefit may not improve conditions in the receiving streams, usually 

degraded by longer duration of high flows associated with smaller, more frequent storm 

events.  

 

 Although detention can reduce post-development peak flows to predevelopment 

conditions, maintaining these peaks on a site scale basis may not significantly reduce 

peak flows in receiving streams due to increased volume from development and the 

summation of many flat, longer duration hydrographs within the watershed.  The Henrico 

County Environmental Program Manual states that there had been “little to any 

improvement to degraded stream systems present in the County because the requirements 

(for stormwater management) were based on the needs of the site, not the needs of the 

watershed" (Henrico County, 2001).  

 

1.1 Problem Statement 

 Traditional stormwater management implemented at the site scale does not 

significantly address flooding problems downstream at a watershed scale.  Protection of 
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downstream channels and reduction in flooding can potentially be improved by 

evaluating alternative stormwater management strategies at a watershed scale.  Available 

GIS data and hydrologic/hydraulic modeling software provide capabilities for improved 

watershed runoff modeling.  To maximize downstream benefit with “tailored” 

stormwater management (SWM), the watershed should be subjected to a variety of 

available management strategies.  Tailored stormwater management refers to the 

selection of an optimal management strategy, with possible modification, to be 

implemented within a specific watershed.  It is suggested that this selection should be 

based from the results of a watershed analysis that examines results at a point, or points, 

of interest within the watershed.  Available stormwater management strategies may be 

classified to have: 

1. blanket requirements, in which all site developments within the watershed are 

subject to identical release requirements or 

2. stratified requirements, in which release rate requirements may vary for site 

development based on location within the watershed.   

 

Implementation of these strategies should be evaluated in regards to their reduction 

benefit of peak runoff rates and high flow duration at the point, or points, of interest in 

the receiving channel for the overall watershed.  The management strategy or hybrid of 

multiple strategies, providing the best results at the point of interest is selected for the 

optimal strategy for the watershed.  This process essentially tailors the best fit for the 

watershed.  

1.2 Research Objectives 

 The overall goal of this research is to investigate downstream runoff peak 

reductions resulting from application of alternative stormwater management strategies 

implemented throughout a branch of the Stroubles Creek watershed in Blacksburg, 

Virginia.  Specific tasks necessary to achieve this goal are to: 

1. Develop a hydrologic and hydraulic model representative of the subject 

watershed.  Model development shall provide sub-basins within the watershed at a 

scale that provides the ability to represent areas treated by stormwater 
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management facilities.  These areas are referred to as applicable areas within this 

report.    

2. Review alternative stormwater management strategies and develop procedures to 

represent these strategies in the model within applicable areas. 

3. Evaluate characteristics of runoff hydrographs resulting from each applicable area 

with each alternative management strategy.  Routing will be subject to a range of 

design storms.   

4. Analyze the resulting hydrographs at the watershed outfall generated from 

implementation of each alternative management strategy for all applicable areas 

within the watershed. 

 



 2-1

2 Literature Review and Background Information 

Chapter 2 provides a review of the literature as it relates to traditional and alternative 

stormwater management strategies at the site scale and their cumulative impact at the 

watershed scale.  The review is intended to: 

• Identify management strategies that have been evaluated in the literature and 

those implemented at a site scale; 

• evaluate the extent that stormwater management strategies have been evaluated at 

a watershed scale and 

• identify the information needed for each strategy for model representation. 

2.1 Stormwater Management Strategies at the Watershed Scale 

 Governing agencies typically enforce stormwater management regulations at the 

site development scale based on blanket regulatory strategies that require certain 

standards based on empirical research from other locations or from limited observations 

(McCaffery 2007).  This practice has provided readily available guidance for stormwater 

management for development, but overlooks the fact that every watershed responds 

differently to rainfall and has unique issues related to runoff.  Employing stormwater 

management, and therefore the installation of infrastructure, at the site development scale 

is a straightforward and cost-effective way for a locality to respond to address runoff 

issues resulting from urbanization.  Goff and Gentry (2006) warn that policies which 

require uniform on-site detention should be used with caution since this may not address 

management needs for the overall watershed.   

 

 Emerson et al. (2004) questions if a peak-flow based strategy is meeting the 

intention of stormwater management regulations since total volume of runoff is usually 

significantly increased after development.  The failures of the traditional peak reduction 

based strategy can also be noted by observation of degraded streams and flooding 

downstream of managed development.  Prakash (2005) concludes that construction of 

detention basins is not likely to reduce stream bed degradation attributable to 

urbanization by an appreciable amount.  This conclusion has led to the implementation of 

several alternative strategies, some of which are more closely examined later in this 
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report.  However, there is limited research presented in the literature that examines the 

effects of the alternative strategies at the watershed scale through a detailed modeling 

effort.   

  

 Better understanding of the shortcomings of traditional stormwater management 

at the site scale can be gained through the use of hydrologic/hydraulic modeling 

(Emerson et al. 2005; Moore et al. 2005) and the ability to utilize a Geographic 

Information System (GIS) to compile data needed for the analysis (Goff and Gentry 

2006; Nehrke and Roesner 2004).  A study performed by Emerson et al. (2005) is found 

to be the most relevant to this research.  The study utilizes a calibrated hydrologic model 

to evaluate the effectiveness of flow reduction for a study watershed with an existing 

stormwater management system in Chester County, Pennsylvania.  Simulations include 

modifying all detention facilities to replicate several alternative stormwater management 

strategies.  Existing detention throughout the system is based on post-development peak 

rate limited to the predevelopment rate for the 2- through 100-year design storms.  For a 

24-hour duration, these design storms range from 3.25 – 7.54-inches, respectively.  The 

study conducted simulated runoff for six measured storms ranging from 0.47 inches to 

1.97 inches of rainfall.  The discrepancy between design and storm simulation may 

explain some of the lack of effectiveness of detention found in this study since these 

facilities are typically designed for larger storm events.  This research is further discussed 

in the following sub-sections.   

 

 There is significant literature emerging in regards to the optimal placement of 

Best Management Practices (BMPs) within a watershed by utilizing distributed 

hydrologic models and genetic algorithms (Perez-Pedini et al. 2005) or in conjunction 

with an optimization module (Carter et al. 2008; Lai et al. 2005; Riverson et al. 2004).  

Optimization is determined based on set goals and given predetermined locations, 

specified BMPs, and usually a cost function.  It is determined that these studies do not 

explicitly provide insight into the effects of stormwater management within an overall 

watershed, but are rather more useful as support for local planners and engineers in the 

development of watershed plans (Lai et al. 2005).  These tools could prove useful for 
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maximizing public funds allocated for achieving Total Maximum Daily Load (TMDL) 

objectives (Carter et al. 2008), or otherwise maximizing the potential of public funds.  

Although placement optimization considers BMP options and their effect on the overall 

watershed, research is not focused on stormwater management regulations for land 

development, and therefore is not considered further in this review. 

2.2 Traditional Stormwater Management  

2.2.1 Maintaining Predevelopment Peak Runoff Rate  

 Traditional stormwater management regulations have required post development 

peak runoff rates to be no greater than the predevelopment rate for new development for 

specified design storms at the site scale (Pazwash and Boswell 2001).  To comply with 

these regulations, detention ponds have become the predominant practice (Behera et al. 

1999; Emerson et al. 2004; Fennessey et al. 2001; Pazwash and Boswell 2001).   

 

 Emerson et al. referenced three major shortcomings associated with the use of 

detention basins: 

1. Although peak runoff rates are detained to below predevelopment rates, 

streambank erosion is increased with increased duration and volume of runoff 

(Malcom 1980; McCuen 1988; USEPA 2002). 

2. The design of detention ponds are usually focused on specified return interval 

storms, such as the 2-year or 100-year storms, that account for only a small 

fraction of yearly precipitation. 

3. Since detention ponds are designed on a site-by-site basis, their watershed-

wide performance can not be assured (McCuen 1979). 

  

 Emerson et al. argues that storm water flows released from multiple sites 

eventually accumulate downstream, resulting in erosive potential in watershed channels.  

This accumulation phenomena is described by Urbonas et al. (2007) as the result of 

increases in post-urbanization runoff volumes and the summation of many small, flat and 

longer-duration hydrographs.  Perez-Pedini et al. (2005) states that detention ponds can 
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negatively impact the overall watershed when there is no systematic watershed-wide 

approach in the design of these detention facilities. 

 

 Emerson et al. (2005) used the U.S. Corps of Engineers Hydrologic Engineering 

Center’s Hydrologic Modeling System (HEC-HMS) to perform a modeling effort on a 24 

mi2 watershed (91 sub-basins with 82 detention ponds) in Chester County, Pennsylvania.  

Emerson concluded that on-site detention basins do not affect watershed-wide storm 

hydrographs resulting from frequent storm events.  The study evaluated peak flow at the 

most downstream location in the receiving channel for each model run.  One of the model 

runs compared a scenario with all detention ponds functioning as per a field survey (the 

existing condition) and compared those results to a run with all detention removed.  

Results showed that the detention ponds only reduced the peak runoff rate by an average 

of 0.3% for the six measured storms used for the study.  Recall that these storms were 

small, more frequent events (0.47 to 1.97 inches).  Considering that the 2-year design 

storm (± 3.2 inches) is typically the smallest required for adherence to stormwater 

management regulations (Nehrke and Roesner 2004), these results might have shown 

more peak reduction with larger storms.   

 

 Kaini et al. (2007) developed a model using the U.S. Department of Agriculture’s 

(USDA) Soil and Water Assessment Tool (SWAT) and a genetic algorithm to determine 

the optimal pond area and volume for 159 sub-basins (each considered as a development 

site with a detention pond) within a 460 mi2 watershed in Illinois.  With the goal set to 

minimize flow at the outlet of the watershed, the results of the model were not surprising 

in that the optimal area for detention was essentially the upper limitation of 3.45 mi2 

(0.75% of the total watershed) set by the modeler.  The results showed a reduction in 

maximum daily flow of 16.8%, compared to no detention for a 2-year simulation period 

using hydrologic data from the National Climate Data Center.  The significance of the 

study, as related to this research, is mostly in regards to the potential to maximize site 

scale management at the watershed scale.  However, findings inherently would require 

coordination of detention sizing throughout a watershed, which would be unrealistic to 

implement as a stormwater management strategy. 
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 A study by Goff and Gentry (2006) seeks to find correlations between factors that 

affect the efficiency of detention for controlling peak flows throughout a watershed.  A 

sensitivity analysis evaluated two watershed characteristics and several development 

characteristics.  Each characteristic examined is summarized in Table 2.1. 

 
Table 2.1 Summary of characteristics examined by Goff and Gentry (2006).    

Watershed characteristic Development characteristic 

dendritic 20 acres 
Shape 

elongated 
Size 

80 acres 

low (SCS CN = 68) 
medium (SCS CN = 
75) Intensity 

high (SCS CN = 92) 
Sequence (downstream 
to upstream)* 100, 75, 50, and 25% 

Slope 5% (mild) 
15% (steep) 

 

Sequence (upstream to 
downstream)* 25, 50, and 75% 

* Sequence was examined assuming medium intensity. 

 

 Each development in the Goff and Gentry evaluation was managed with a 

detention pond designed to maintain the predevelopment runoff rate for the 10-year 

design storm within the synthetic watersheds.   Rainfall was based on the SCS Type II 

10-year design storm.  Each development characteristic is evaluated for every 

combination of watershed shape and slope.  The study evaluates flows at “1st” and “2nd” 

order stream junctions, concluding that detention: 

• is most effective when development occurs in the upstream portion of the 

watershed; 

• decreases in effectiveness as development increases; 

• is not effective at maintaining predevelopment peak flow in the main channel, 

regardless of watershed and development characteristics and 

• is less effective in watersheds with an elongated shape when compared to a more 

rounded shape. 
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2.2.2 Treatment component added to peak rate reduction 

 Spurred by Phase I and II of the Environmental Protection Agency’s National 

Pollutant Discharge Elimination System (NPDES), more recent updates to stormwater 

management include a water quality component that typically requires treatment of the 

“first flush” (Pazwash and Boswell 2001).  In Virginia, the Virginia Stormwater 

Management Regulations require that the first flush of runoff be captured and “treated” to 

remove pollutants.  The first flush, or water quality volume, is defined as the first ½" to 

1" of runoff from the impervious surface within the development (State of Virginia 

1999).  The water quality volume varies depending on the desired phosphorus (Virginia 

keystone pollutant) removal required and the removal efficiency credited to the Best 

Management Practice (BMP) selected for the subject site.   

 

 The first flush volume can be treated using a variety of BMPs that can extract the 

water quality volume from the runoff hydrograph altogether, such as with the use of an 

infiltration BMP, or release the volume over an extended period of time, such as with 

settling of pollutants via extended detention or filtering through a designed media.  Note, 

however, that some proprietary filtering systems can be designed to pass flows without 

detention occurring.  In these cases, regulatory requirements may be met in regards to 

pollutant removal, but no significant change occurs to the runoff hydrograph.  

 

 The addition of a treatment requirement can add an additional dynamic to the 

“managed” runoff hydrograph that previously was generated with the focus only on the 

reduction of the peak runoff rate.  Without actually sizing to treat a water quality volume, 

Emerson et al. (2005) modified the outlet structures on ponds throughout the watershed to 

include an arbitrarily sized low-flow orifice of 4-inches to simulate a general low-flow 

orifice modification.  This modification provides a simulation that could be considered to 

demonstrate the effects of extended detention throughout the study watershed.  It also 

could demonstrate the potential benefit for a locality interested in retrofitting existing 

detention facilities.   
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 For the six storms studied, the average peak flow reduction at the analysis point 

was 4%, when compared to the “no detention” simulation.  Although the outlet 

modification described above demonstrates a trend towards a greater peak reduction than 

with detention alone, the following should be noted: extended detention is only one 

option available for treatment of flows and it is unlikely that all developments within a 

watershed would chose this BMP to achieve treatment compliance.  Also, extended 

detention sizing criteria to treat the water quality volume would likely result in varying 

orifice sizes for each development, many less than the 4-inch orifices simulated by 

Emerson.      

2.3 Alternative Stormwater Management  

 Some regulatory agencies that have recognized the shortcomings of the traditional 

stormwater management strategy have made conservative modifications to the post to 

pre-peak strategy.  New Jersey requires post-development peak runoff rates for the 2-, 

10- and 100-year storm events to be detained to 50, 75, and 80 percent of the 

predevelopment peak rate (New Jersey Department of Environmental Protection Division 

of Watershed Management 2004).  Fennessey et al. (2001) evaluated five different 

stormwater ordinances at the site scale that all require peak runoff from a developed site 

to be reduced to, or below, the predevelopment peak but vary in regards to either the 

range of design storms for analysis, or post-runoff peak target (e.g. 75% of pre-peak 

runoff rate for specified design storms).  Findings show that for large events (> 10 year), 

each ordinance achieved the objective at the site scale.  However, a relevant finding 

demonstrates that management requirements ignore the smaller events (< 2-year) that 

often are the culprit of nuisance flooding in the overall watershed.   

  

 Others have conducted studies to evaluate innovative strategies and, in some 

cases, taken the initiative to develop and implement these strategies.  Each of these 

strategies can be classified considering a watershed scale to have: 

• blanket management requirements, in which all site developments within the 

watershed are subject to identical post-development peak rate and/or volume 

reduction requirements or 
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• stratified requirements, in which post-development peak rate and/or volume 

reduction requirements may vary for site development based on location within 

the watershed.   

 

 Also, although all strategies are intended to manage flows as they pass to the 

downstream receiving channels, each can either be classified as a watershed focused or 

site focused strategy.  The difference being that a watershed focused strategy establishes 

site management requirements to maintain a baseline condition at a location downstream 

(a point of interest).  These management requirements are established based on a 

watershed analysis.  A site focused strategy is based on maintaining a specified condition, 

usually the predevelopment condition, at the outfall of the watershed.  With site focused 

strategies, management requirements are not established from a watershed analysis.  The 

most notable of these alternative management strategies, from a review of the literature, 

are described below. 

2.3.1 Downstream peak focus blanket strategy 

2.3.1.1 Unit Release Rates - Milwaukee 
 The Milwaukee Metropolitan Sewerage District’s (MMSD) stormwater 

management regulations include an approach to demonstrate compliance to local 

stormwater regulations using specified maximum unit release rates (Milwaukee 

Metropolitan Sewerage District 2005).  To comply, a designer shall demonstrate that 

post-development runoff from a site meets the following criteria: 

 A release rate of 0.5 cfs/acre for the one percent probability event (100-year 

recurrence interval) 

 A release rate of 0.15 cfs/acre for the fifty percent probability event (2-year 

recurrence interval) 

    

 The unit release rate (URR) strategy used by the MMSD are based on a 

comprehensive watershed analysis (Southeastern Wisconsin Regional Planning 

Commission 2007) and predominantly influenced by maintaining existing flow rates for a 

specified baseline and watershed timing (Milwaukee Metropolitan Sewerage District 
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2005).  Although the MMSD encompasses six watersheds, the unit release rates described 

above were applied uniformly, a blanket requirement, “as the most efficient way to 

ensure existing flows and stages are maintained in all downstream areas.”   

 

 The URR appears promising for mitigating for increases in flows and stages 

throughout a watershed.  However, some localities are reluctant in adopting this 

approach.  The predominant obstacles for implementation of a URR approach is 

collecting the extensive data and performing the modeling needed to determine 

defensible release rates, as recognized by the Waukesha County Stormwater Advisory 

Committee (2004).  This approach also does not appear to explicitly address the first two 

of Emerson’s shortcomings previously mentioned in Section 2.2.1; those shortcomings 

are summarized as the increased duration and volume of runoff and the management for 

the smaller, more frequent storm events.  Since a watershed analysis was performed to 

generate release rates, it may be considered that Emerson’s third shortcoming has been 

considered.   

2.3.1.2 Standardized Release Rate – Overland Park 
 McEnroe and Heatherman (2006) conducted a modeling effort that sought to 

simplify management requirements to reduce administrative workload for the City of 

Overland Park, Kansas.  The goal was to develop a detention design requirement that 

would provide assurance of no increase in flooding at downstream problem sites (defined 

by Overland Park as no increase in the 100-year peak runoff rate) and no nuisance 

flooding directly downstream of the development site (defined as no increase in the 10-

year peak runoff rate).   

 

 Routing iterations were performed for a hypothetical 10-acre development site 

with a typical detention design and determined that the peak from a release rate of 3.0 cfs 

per acre for the 100-year storm event would not surpass the predevelopment 10-year peak 

discharge from a development site.  To address downstream flooding, a hypothetical 200-

acre drainage area consisting of twenty 10-acre sub-basins situated as shown in Figure 

2.1 was utilized to evaluate several standardized release rates applied to all sub-basins.  

Since Overland Park detention policy had generally considered detention in the lower 
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one-third of a watershed less effective, iterations were also run that omitted any 

management from the lower one-third of the watershed.  The study found that the peak 

from a release rate of 3.0 cfs per acre for all developed parcels (sub-basins) did not 

surpass either the 10- or 100-year predevelopment peak runoff rate at the downstream 

reach.   

 

 In the case with detention in only the upper two-thirds of the watershed, the goal 

for detaining to the 10-year predevelopment peak discharge baseline was not being met.  

Provided results demonstrate for both the 10- and 100-year peak runoff rates an 

approximate 20% increase when the lower one-third of the basins do not have detention, 

compared to all basins having management.  This could indicate that although the peaks 

from the basins in the lower one third may pass prior to the overall watershed peak, the 

receding limbs of their runoff hydrographs still contribute significant enough flows to the 

overall peaks.  It should be noted that the study also found there to be negligible increase 

in peak runoff when development was confined to the lower one-third, indicating the 

timing combination of a quicker peak down stream and the slower timing of the 

predevelopment peak in the upper two-thirds, offsets the increase in runoff in regards to 

the contributions to the overall watershed peak. 

 
Figure 2.1 Hypothetical 200-acre watershed. (McEnroe and Heatherman 2006) 
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 In summary, the study concludes that a standardized release rate of 3.0 cfs per 

acre for the 100-year storm with new development met the goals for no increase in 

flooding at downstream problem sites and no nuisance flooding directly downstream of 

the development site.  As with other site-based peak-focused strategies, the three major 

shortcomings listed by Emerson et al. (2005) are not addressed with this type of strategy.  

Those shortcomings are summarized as the increased duration and volume of runoff, the 

management for the smaller, more frequent storm events and the assurance of watershed-

wide performance.  Considering the assumptions associated with the hypothetical 

watershed there may not be merit for utilizing these findings for establishment of 

stormwater management regulations given the variability in a natural system and the lack 

of consideration in this study on smaller storm events.  Therefore, this strategy is deemed 

not worthy to be considered in the analysis portion of this research. 

2.3.2 Downstream peak focus stratified strategy 

2.3.2.1 Stratified release rate - development 
 Recognizing that the location of stormwater management within a watershed can 

affect the peak of the overall watershed, the strategy of stratifying detention, mostly 

based on travel time to an analysis point, has been introduced as a management strategy.  

Emerson et al. (2005) evaluates this strategy at a watershed scale in a much generalized 

simulation by removing detention for the lower half of the sub-sheds (based on travel 

distance to the analysis point) within the study watershed.  The strategy of not detaining 

flows in the lower half of the basin is based on the assumption that the majority of these 

flows will pass a critical location before the upper flows reach a downstream critical 

location.  The sub-basins with detention in the upper half of the watershed were 

simulated as the previously described low-flow (extended detention) configuration.  

Results for the six storm events simulated show only a 0.8% reduction in flows when 

compared to the previously described no detention option.      

 

 The arbitrary split of one-half of sub-basins to have no detention, and extended 

detention used in the upper reaches, may not provide an adequate evaluation of 

stratification of detention.  But similar to the previously mentioned study by McEnroe 
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and Heatherman (2006), where no management is evaluated in the lower one-third of the 

watershed, some insight can be gained in regards to the effects on the peak runoff rates 

for the overall watershed when runoff release requirements are stratified throughout the 

watershed.   

 

 A more detailed designation for stratification that specifies varying release rates 

throughout the watershed is presented by Shamsi (1996).  Shamsi utilized a lumped 

parameter hydrologic model to generate runoff hydrograph contributions at specified 

downstream reaches for each individual upstream sub-basin within the 8.4 mi2 Bull Run 

watershed in Union County, Pennsylvania.  The release rate (% of predevelopment 

runoff) for a specific sub-basin is then calculated for each specified downstream reach as:           
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Where: Rij = release rate of sub-basin i at downstream reach j (% of predevelopment     

          peak runoff rate) 

 Qij = predevelopment discharge contribution of sub-basin i to the peak discharge 

 of a downstream reach j (cfs) 

 Qi = predevelopment peak discharge of sub-basin i (cfs) 

 

 The predevelopment discharge contribution Qij, at a point of interest can be 

considered as the flows from a sub-basin i runoff hydrograph that are contributing to the 

combined hydrograph at a downstream reach j.  The combined hydrograph at the 

downstream reach is the result of the summation of upstream hydrographs.  Contributing 

flows from the upstream sub-basin are heavily influenced by timing.  This description is 

graphically illustrated in Figure 2.2 in the next section.  Shamsi describes a method for 

this evaluation using a peak flow presentation table (PFPT).  The table provides flow 

rates at time increments that represent the runoff from each sub-basin contributing to a 

point of interest.   Runoff is lagged by the travel time from the sub-basin outlet i to the 

point of interest j.  The summation of the flows at each time step generates the 
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hydrograph at the point of interest, the contribution from each sub-basin at the time of 

peak discharge at the point of interest is Qij for sub-basin i.  
 

 Based on the tabulated results for each sub-basin, conservative rules are used that 

require the lowest release rate for each sub-basin (for all specified downstream reaches) 

to be the designated release rate.  Once the values are determined, the following concepts 

lead to generalized adjustments to the calculated rates: 

• A calculated release rate of 0% would be difficult to achieve and would most 

likely prevent the development of a site.  In the case where the calculated value is 

0%, Shamsi recommends an even compromise of 50% release rate for these sub-

basins. 

• A calculated release rate below 50% indicates a sub-basin’s peak occurs 

significantly prior to the watershed peak.  Maintaining a 50% release rate could 

result in large detention facilities and therefore the author recommends these sub-

basins be allowed to release 100% of the predevelopment flows so that high 

runoff rates from these sub-basins can pass prior to the watershed peak.  (For 

contrasting comparison, recall McEnroe and Heatherman (2006) found a 20% 

increase in peak runoff rate for the watershed when detention was removed from 

the lower one-third of the watershed.) 

• The calculated release rates of the uppermost basins tend to be significantly 

different from those sub-basins immediately downstream.  Shamsi states these 

upper basins should be assigned the release rate of the next downstream basin to 

address the concern of greatly differing release rates from those assigned to 

adjacent properties. 

 

 Adjustments to finalize release rates based on the concepts above and rounding 

values to the nearest tens provide more generalized values.  Adjacent sub-basins with the 

same finalized release rates are then grouped together to produce a release rate map.  It 

should be noted that release rates presented by Shamsi correspond to the 100-year design 

storm, which is said to produce the smallest (most stringent) release rates.  Release rates 
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are then implemented by identifying the applicable release rate from the map and 

applying the rate as: 

  i
i

pi Q
R

Q ×⎟
⎠
⎞
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     (2-2) 

Where: Qpi = allowable post-development peak discharge from sub-basin i 

 Ri = release rate of sub-basin I from release rate map 

 

 The presentation by Shamsi provides guidance towards the generation of a 

stratified strategy to stormwater management, but no modeling analysis was performed to 

evaluate management in place that meets the prescribed release rates.  Distributed 

modeling efforts, with detention facilities designed to comply with the assigned release 

rates, was not found in the literature. 

2.3.2.2 Stratified release rate - Implementation 
 An entity that has performed the modeling efforts towards implementation of a 

stratified release rate strategy is the Lehigh Valley Planning Commission (Lehigh Valley 

Planning Commission 2000).  In contrast with blanket strategies, the Lehigh Valley 

Planning Commission (LVPC) provides mapping that guides stratified peak reduction, or 

no reduction, requirements for development throughout the watershed. 

 

 The goal of the LVPC approach is to prevent drainage problem areas from getting 

worse as a watershed develops.  The philosophy to meet this goal is based on stormwater 

requirements at a site scale to be based on a watershed analysis that assures no increase in 

peak flow rates at specified problem areas.  Release rates are established throughout a 

watershed based on a watershed-wide analysis that is predominantly based on location in 

the watershed in relation to a point of interest, hence travel time.  Figure 2.2 demonstrates 

the LVPC strategy by illustrating the following: 

• Runoff from sub areas 1 and 5 do not contribute to the peak runoff of the overall 

watershed.  Therefore, no control is a valid option. 

• Runoff from sub area 4 does contribute to the peak runoff of the overall 

watershed.  In this case, sub area 4 would be required to detain the post-
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development peak runoff rate to the equivalent of the pre-runoff rate at the time of 

occurrence of the overall watershed’s peak rate.   

• Runoff from sub area 2 does contribute to the peak runoff of the overall 

watershed.  The appropriate strategy for sub area 2 would be to provide detention 

to assure that any post-development rise in the hydrograph would not increase the 

overall peak. 

• Runoff from sub area 3 does contribute to the peak runoff of the overall 

watershed.  Since 100% of the areas peak contributes to the overall runoff so the 

requirement would be to detain to the predevelopment runoff rate.     

 

In summary, identical to Shamsi’s equation, the following is concluded as the prescribed 

release rate for a specific sub area:  

 

Release rate
flowpeakSubarea

InterestoflocationtooncontributiSubareapeakpreof =− )(%  (2-3) 

  

 
Figure 2.2 Hydrograph analysis example for determining release rate requirements (Lehigh Valley 
Planning Commission 2000).  
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 The result of the modeling effort and strategy described above establish two basic 

districts in the Little Lehigh Creek Watershed.  The first includes areas that have early 

peaks and require no detention, although adequate downstream channel must be 

demonstrated.  The second district must provide management that reduces peak runoff 

rates to a specified percent of the predevelopment peak for the 10-, 25-, and 100-year 

post-development runoff (varying from 50-100% based on peak timing).  It should be 

noted that watershed analysis determined that all sites in this district shall reduces peak 

runoff rates to 30% of the pre-development peak runoff rate for the 2-year storm.   

 

2.3.3 Volume focus strategy 

 An increasingly popular strategy to stormwater management involves subtracting 

a portion, if not all, of the volume from a site’s runoff hydrograph, the former being more 

realistic in most cases.  Reduction of volumes can be achieved by reducing impervious 

cover and routing flows over pervious surfaces along with the use of a variety of BMPs, 

such as bioretention or infiltration practices.  As a stormwater management practice, this 

approach is most commonly identified as Low Impact Development (LID), originally 

presented by Prince George’s County, Maryland.   

  

 Emerson et al. (2004; 2005) provides simulation of volume reduction by 

extracting the first 0.5, 1.0, and 2.0-inches of runoff draining to each detention basin in 

the study watershed.  For the six storms studied, when compared to the no detention 

option, the average peak flow reduction at the analysis point was 9.2, 12, and 13%, 

respectively.  Emerson made no design consideration to explicitly demonstrate reduction 

of the post-peak runoff rate to the predevelopment rate for the modeled detention 

facilities.   

2.3.3.1 Low Impact Development 
 Prince George County (PGC), Maryland, initially developed and implemented the 

Low Impact Development (LID) approach to manage stormwater (NAHB Research 

Center 2003).  LID is intended to guide design that maintains or restores a development 

to the predevelopment hydrologic and hydraulic conditions.  The optimal result is that the 
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post-development runoff hydrograph matches the predevelopment hydrograph by using a 

combination of retention (infiltration) and detention along with design components that 

maintain the time of concentration.  Since PGC’s implementation of LID, many 

municipalities and states are revising ordinances and regulations in an effort to preserve 

predevelopment hydrology (McCaffery 2007).  Numerous sources now exist that provide 

site design guidance to strive to maintain the predevelopment hydrologic conditions with 

the use of foot-printing, disconnected impervious areas, pervious surfaces and integrated 

management practices (IMPs). 

 

 A challenge with LID is the need for computational procedures that can be readily 

accepted by regulators.  To address this issue in PGC, a methodology is provided for 

hydrologic analysis and computational procedures based on the Soil Conservation 

Service (SCS) TR-55 hydrologic model (Prince George's County 1999).  These 

computation procedures initially guide the designer towards minimizing the runoff curve 

number (CN), to develop an “LID” CN, and maintain time of concentration through 

design strategies.  The procedures then offer a series of charts that provide storage 

volume requirements according to the rainfall depth (SCS Type II, 24-hour storm) and 

the predevelopment CN and LID CN known.  These charts are identified as: 

• Chart Series A: Storage Volume Required to Maintain the Predevelopment 

Runoff Volume Using Retention Storage (example, Appendix A, Page 7-1). 

• Chart Series B: Storage Volume Required to Maintain the Predevelopment Peak 

Runoff Rate Using 100% Retention (example, Appendix A, Page 7-2). 

• Chart Series C: Storage Volume Required to Maintain the Predevelopment Peak 

Runoff Rate Using 100% Detention (example, Appendix A, Page 7-3). 

 

 The storage volume designations by the charts are in hundredths of an inch over 

the entire area of the site.  The area needed for retention is determined based on a 

specified depth for the IMPs (typically 6-inches for bioretention, rain-gardens, etc.).  

These charts are generated based on the assumption that IMPs are evenly distributed 

throughout a site, the site is relatively homogeneous, and, in the case of Chart Series B & 
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C, the predevelopment time of concentration is maintained so that runoff rates are 

independent of time of concentration.   

 

 After determining retention needed to maintain predevelopment volume, the 

procedures provide guidance for utilizing Chart Series B and/or C to determine the 

volume of retention and/or detention needed to maintain the predevelopment peak runoff 

rate.  These charts are based on the relationship of peak outflow to peak inflow discharge 

(qo/qi) and storage volume to runoff volume (Vs/Vr).  For detention (Chart series C), PGC 

uses this relationship demonstrated in Figure 6-1 (see Figure 2.3) of the TR-55 Manual 

(SCS 1986).  In general, Chart Series C serves as an acceptable approximation for 

estimating detention storage for IMPs dispersed throughout an LID site design where 

retention is not practical and soils are not amenable to infiltration. 

 

 Whereas design storms required for stormwater management design are typically 

the 2-year (channel protection) and 10-year (flooding considerations) events, an 

alternative design storm is presented by PGC for LID.   The LID design storm is to be 

whichever of the following results in the greater rainfall: 

• Rainfall at which direct runoff begins from a site that assumes a CN based on 

woods in good condition, with the existing hydrologic soils group (HSG).  

Equation 2.2 from TR-55 (initial abstraction) is used to determine the rainfall 

needed to initiate runoff, with a modifying factor; or 

• the 1-year, 24-hour storm event. 

 

 The PGC procedures provide the ability to quantify runoff reduction based on site 

design through reduction in the runoff curve number and also provide the ability to 

account for runoff reduction through the use of IMPs.  Quantifying the effects of these 

practices could prove overly complex if traditional routing procedures were implemented.  

The PGC analysis and procedures are intended to provide reasonable, defendable criteria 

for reviewing agencies to have a comfort level in approving an LID stormwater 

management plan.    
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Figure 2.3 Approximate detention basin routing for rainfall Types I, IA, II and III (SCS, 1986).  

 

 Although LID appears to address Emerson’s three detention shortcomings, 

limitations exist that potentially impede the successful use of LID strategies, some 

regulatory and some physical.  In Virginia, design would also require analysis under the 

10-year storm event (State of Virginia 2001) to demonstrate the predevelopment peak 

runoff rate is maintained, causing a conflict with the use of the PGC design storm.  

Considering the integrated nature of stormwater management throughout an LID site, an 

analysis for the 10-year storm event would most likely require a complex routing 

analysis.  This presents challenges for designers who would be tasked to replicate the 

design with modeling software in a manner that would be acceptable, and defendable to 

the reviewing jurisdiction or agency.  With this, modeling of LID and its site components 

have become an issue of much discussion and focus in more recent literature.  The scope 

of the research presented here maintains focus on management strategies at the watershed 

scale and does not attempt to provide micro-modeling guidance at the site level for LID.  

 

 Physical challenges in successful LID implementation exist where soils are not 

amenable to infiltration, karst conditions are present, or for redevelopment in urbanized 

areas (consequently potentially encouraging sprawl).  However, it should be noted that 
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since flows are retained (delayed) significantly, practices such as bio-retention, with 

under-drains, can be utilized where poorly drained soils exist.  The assumptions for the 

Chart Series described above cause concern for error in assurance of maintaining the 

predevelopment time of concentration and evenly distributed retention/detention facilities 

throughout a site.   While the concept behind LID appears to provide the optimal solution 

for on-site stormwater management, LID is best suited for new, suburban residential 

development (NAHB Research Center 2003).     

2.3.3.2 Full Spectrum Detention 
 The Urban Drainage & Flood Control District (UDFCD), which serves 40 

Colorado Counties, Cities, and Towns, has adopted a design strategy called Full 

Spectrum Detention (FSD).  The unique component to FSD is the extended detention of 

the excess urban runoff volume (EURV) which is defined as the difference between the 

post- and pre-development runoff volume.  The EURV value is established as inches per 

acre utilizing a full range of design storms.  Methodology for establishing this value is 

described in Section 3.3.4.2.  Urbonas and Wulliman (2007) evaluated the FSD design 

methodology intended to offer more “robust” controls of the more frequent, smaller 

runoff events.  The study found that when the EURV plus 10% is captured and released 

over 72-hours, the runoff volume remaining after the EURV approximates the 

predevelopment volume.  

 

 The Urbonas and Wulliman evaluation modeled the FSD protocol within a 3.1 

square mile watershed with gauged data and then a 9.3 square mile (5,000 acre) synthetic 

watershed to evaluate at a larger scale.  Results found the protocol to maintain the 

predevelopment peak runoff rate at the outfall of the watershed for a full range of design 

storms, when implemented in all sub-basins within the watershed.  In each case, model 

simulations for sub-watersheds were subject to detention that met the following runoff 

requirements: 

• Detention and release of the EURV over a 72-hour drawdown period. 

• Control of the 100-year peak runoff rate to the predevelopment peak (in the case 

of the UDFCD areas, predetermined release rates based on 2% imperviousness 

and SCS soils designation) 
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 Localities within the UDFCD are beginning to adopt the FSD design protocols 

adopted by the district.  The authors of the research note that findings are most applicable 

to areas with similar rainfall and that the prescribed controls provide the desired 

watershed-wide goals only when implemented within 100% of the watershed.  In addition 

to the author’s limitations, the large detention volumes required for a 72-hour drawdown 

should also be considered.  In comparison, the Virginia Stormwater Management 

Handbook (State of Virginia 1999) requires a 30-hour drawdown, with a water quality 

focus for extended detention, stating that this time exceeds probable settling time for 

pollutant removal.       

2.3.3.3 Volumetric Design Procedure 
 The volumetric design procedure (VDP) is an alternative approach allowed by 

Milwaukee Metropolitan Sewerage District when the URR (refer to section 2.3.1.1) is not 

practical (e.g. significant off-site flows through the subject site).  This approach 

recognizes that design controls can rarely provide for post-development runoff volume to 

be reduced to the predevelopment runoff volume.  Recognizing this limitation, VDP 

requires that post-development runoff volumes shall be limited to the predevelopment 

runoff volumes during a critical time period for both the 100-year and 2-year events.  The 

critical time period is defined as the amount of time from the peak of the design rainfall 

to the peak of the runoff hydrograph resulting from a subject watershed at some critical 

point (see Figure 2.4). 

 

 

 



 2-22

 
Figure 2.4 Visual depiction of the critical time period.  Note that SCS hydrology based on a 24-hour 
storm is used for site and watershed hydrology, resulting in a critical storm period that could be 
consistent for any site within the watershed.  (Milwaukee Metropolitan Sewerage District) 
  

 This approach requires the determination of critical locations and a 

comprehensive watershed modeling analysis for determining the critical time period.  A 

critical time period is therefore assigned within the drainage basin for each critical area.  

The MMSD watershed model provides critical time periods for specified basins within 

the jurisdictions watersheds.  As with the MMSD URR strategy, some localities are 

reluctant in adopting this methodology due to the time and expense needed to generate 

the information for implementation.  No watershed-wide modeling effort to evaluate the 

effects of this strategy at a watershed scale is presented in the literature. 
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3 Methodology: Model Development & Strategy Representation 

 

Chapter 3 presents the methods used to achieve the first two objectives described in 

Section 1.2.  Methodology objectives to support the overall objectives are described as: 

1. Development of a hydrologic and hydraulic model representative of the 

subject watershed. 

2. Development of procedures to represent alternative management strategies in 

the model within applicable areas. 

3. Description and discussion regarding the blanket and tailored strategies to be 

modeled and compared.   

 

The process and techniques used to develop the urban watershed model and evaluate the 

watershed runoff response to alternative strategies is discussed.  Section 3.1 discusses the 

creation of the hydrologic/hydraulic model in Bentley’s SewerGEMS software, including 

data collection and generation.  This section also discusses model calibration.  Section 3.2 

presents the processes used to represent alternative strategies within the model, including 

the determination of the critical storm duration for the Volumetric Design Procedure.  

Section 3.3 discusses the scenarios to be modeled. 

 

3.1 Watershed Model Development  

3.1.1 Subject Watershed  

 The watershed selected for study is a branch of the headwaters of Stroubles Creek 

in Blacksburg, Virginia (Appendix B, Page 7-4).  The watershed encompasses 381-acres 

and is nearly completely built-out consisting of residential development of varied density, 

a 10-acre park, a 10-acre cemetery, Blacksburg High School and Harding Elementary 

School.  The selection of an urbanized watershed was based on available detailed data 

and the ability to analyze the effects of alternative management strategies in a practical 

setting, given that only portions of the watershed are subjected to stormwater 

management.  The watershed contains nine existing stormwater management facilities, 
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which is a reasonable number to provide design for each for representation of each 

alternative strategy within a model.  Since the subject watershed is already predominantly 

built-out, results are also intended to provide insight as to the optimal strategy to 

implement for retrofit of facilities serving applicable areas.  Recall from the Problem 

Statement (Section 1.1): “Protection of downstream channels and reduction in flooding 

can potentially be improved by evaluating alternative stormwater management strategies 

at a watershed scale.”  The selection of the subject watershed offers a scale, number of 

sub-sheds and management facilities that allows for each specific alternative strategy to 

be sufficiently represented and analyzed.       

    

 The watershed has been segregated into 35 sub-basins (Appendix B, Page 7-5).  

These sub-basins within the study watershed were delineated at a scale that considered 

areas draining to stormwater management facilities, areas with homogeneous land cover 

and areas that drained to a location upstream of significant confluence in the storm sewer 

system.  The average sub-basin is 11.2 acres, with a maximum of 30.3 acres 

(homogeneous with no storm sewer infrastructure) and a minimum size of 1.1 

(homogeneous apartment complex).  The wide range is representative of the variations 

that can occur within an urban watershed.  A distribution of sub-watershed size is 

provided in Figure 3.1.  
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Figure 3.1 Histogram illustrating the distribution of sub-watershed size.  For example, 8 sub-sheds 
have areas between 0-5 acres and 1 watershed is between 30-35 acres. 
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 The analysis point (lowest point in the watersheds main channel) is a 4.5'H x 

6.0'W box culvert beneath Progress Street just downstream of a channel adjacent to the 

Progress Street Fire Station.  Downstream of the analysis point, the creek is piped 

beneath downtown Blacksburg and the Virginia Tech campus, areas historically 

subjected to flooding due to inadequate capacity for flows.  Damage to structures has 

occurred in both downtown Blacksburg and on the Virginia Tech campus during large 

storm events.  Several regional stormwater facilities have been constructed within the 

subject watershed based on previous studies in an attempt to reduce the impact of high 

flows. Streambank erosion also is an issue in the rural areas further downstream.  The 

piping of the stream beneath downtown and campus ultimately day-lights just upstream 

from the Virginia Tech Duck Pond (see Appendix B, Page 7-6).   

 

 An urbanized watershed was deemed critical for evaluation of alternative 

strategies towards “tailored” stormwater management.  Whereas new development is now 

subject to stormwater regulations, older development (prior to the early 1980s in 

Blacksburg) was not subject to regulations and therefore many developments in 

urbanized watersheds have no management in place.  In developments where traditional 

management does exist, it did not consider the effects of the post- to pre-peak runoff rate 

strategy on the overall urbanized watershed (i.e. timing of flow release, summation of 

flows within conveyance systems).  Furthermore, since localities are taking a more 

holistic environmental approach and encouraging infill development and redevelopment 

in more recent years, it is important to understand which stormwater management 

strategy may be the most beneficial in these areas to improving conditions at a critical 

location.   

3.1.2 Watershed Data 

 Stormwater data compilation and modeling efforts within the Town of Blacksburg 

(TOB) Engineering and GIS Department have been compiled in a piecemeal fashion in 

the past and have not been well documented.  With this, there was little confidence in the 

data available and previous modeling efforts had been lost with computer and software 

updates over the years.  Fortunately, the timing of this study corresponded with the initial 
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phase of the TOB’s efforts towards stormwater infrastructure inventory and development 

of a town-wide stormwater model.  The subject watershed presented in this report also 

serves as the pilot watershed for the Town.  Data for the pilot watershed was collected in 

the summer and fall of 2008 by the TOB and the Center for Geospatial Information 

Technology (CGIT) at Virginia Tech.  Data collection involved field data collection and 

review of record drawing (as-built) information.  All data was stored in geo-database 

format tailored for import into modeling software.  More detailed discussion regarding 

data collection, compilation and model development is described in the next section.      

 

 Initial discussion between the TOB and CGIT focused on the selection of the 

runoff method to be used with the model, identifying the intended uses of the model and 

determining the level of accuracy needed for data collection.  SewerGEMS modeling 

software was selected since it was already being used by the Town, its ability to integrate 

with Geographical Information Systems (GIS) software and its ability to export data to 

the Environmental Protection Agency’s SWMM modeling software, a commonly used 

and publicly available modeling software.  The SewerGEMS implicit engine, which uses 

a four-point implicit finite difference solver to solve the St. Venant equations, was 

selected for hydraulic calculations within the model.  Detailed specifications for 

calculation options are provided in Appendix C, Page 7-7. 

 

 Selection of a runoff method was dependent on the Town’s desire to use a method 

familiar to the local development community and the need for input data to be 

understandable and defendable to future staff and other local professionals.  SewerGEMS 

offers several runoff methods as options, including Unit Hydrograph, EPA SWMM and 

Modified Rational.  With this, SWMM runoff was not considered due to additional input 

parameters required such as characteristic width and storage depression depths, for 

example. These types of parameters are not commonly used in the development 

community and compilation of this type of data would inherently be subjective and result 

in some uncertainty.  The Modified Rational method was also not considered since this 

method is most frequently recommended for drainage areas less than 20 acres.  The Soils 

Conservation Service (SCS), now the Natural Resources Conservation Service, Unit 
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Hydrograph Runoff Method (U.S. Department of Agriculture 1986), from this point on 

referred to as SCS hydrology, was deemed as the most appropriate method for the TOB 

needs.  Since the SCS Unit Hydrograph Runoff Method is typically used in stormwater 

management design for development, it is also considered as an appropriate runoff 

method for the purposes of this research. 

3.1.2.1 Hydrology - Curve Number 
 The primary parameter for the SCS Unit Hydrograph Runoff Method is the SCS 

curve number (SCS CN).  The CN is an empirical parameter that predicts direct runoff or 

infiltration from excess rainfall.  The SCS CN method is described in the National 

Resource Conservation Service’s (NRCS) Technical Release Number 55 (TR-55).  The 

method involves designation of a CN using tables provided in Chapter 2 of TR-55 based 

on the hydrologic soils group (HSG) and the land cover condition of the subject drainage 

basin.  A secondary characteristic that can further refine a CN value is the percent 

impervious connected or disconnected.  This secondary characteristic becomes more 

relevant for generation of a CN using LID methodology, described in more detail in 

Section 2.1.  Curve numbers are unit-less and range from 30 – 98; with higher numbers 

producing more runoff (i.e. roads and rooftops would have a CN of 98, independent of 

soils group).   

     

 CN data for the pilot watershed was created by CGIT with the development of a 

GIS vector based dataset.  In general, datasets were created by intersecting spatial soils 

(HSG) data and land cover data and assigning a CN based on the TR-55 CN tables.  

CGIT created three separate datasets, each utilizing a varying levels of scale for land 

cover data (see CGIT’s CN Development Report in Appendix D).  The smallest scale is 

identified as “detailed” land cover.  As noted in the CGIT report, the detailed land cover 

data was generated utilizing aerial photography, existing road edge and buildings GIS 

data and student workers to generate highly detailed data, at a spatial resolution of 

sidewalks and driveways.  It was determined that this detailed land cover dataset was the 

most desirable to use for the purpose of this research since sub-basins are delineated to a 

relatively small scale within the overall watershed (recall that some sub-sheds are as 

small as 1.06 acres).   
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3.1.2.2 Hydrology - Time of Concentration 
 A second critical parameter required for the SCS runoff method is the time of 

concentration (tC).  TC is described in TR-55 as: “the time it takes for runoff to travel to a 

point of interest from the hydraulically most distant point.”  The tC can be considered the 

hydrologic response time of a drainage area.  The tC is usually considered the sum of the 

travel times on each segment of the principal flow path.  These segments are defined as 

sheet flow (occurring in the upper reaches of the flow path), concentrated or shallow flow 

(generated as sheet flow concentrates in rills and swales) and channel flow (pipes and 

streams).  A variety of methods are available for determining travel time (TT) in flow 

paths segments, both for sheet flow and concentrated or channel flow.  For the purpose of 

this research, the Seelye Equation (Equation 3-1) was used for sheet flow segments and 

the Kirpich Equation (Equation 3-2) for concentrated and channel flow segments.   

 
0.119.042.0225.0 −−= CSLTT      (3-1) 
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 Note that the Seelye Equation is a function of length, slope and land cover and the 

Kirpich is a function of length and slope.  To generate times of concentration for each 

sub-basin in the subject watershed, flow paths were generated as a GIS shapefile and 

attributed with the required information.  This process began with the TOB digitizing 

flow paths within each sub-basin in the watershed utilizing aerial photography, 
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topographic data and storm sewer information.  Several flows paths were generated 

within each basin to assure the longest flow path was utilized for time of concentration 

calculations.  Flow path data was digitized in segments consisting of overland flow and 

concentrated/channel flow segments.  Each segment was attributed with an associated 

sub-basin ID, whether it was grassed or paved and its length.  The “grassed or paved” 

attribute was used to assign a generalized “C” variable for Equation 3-1 for overland 

flow.  Once flow paths were generated, topographic data was used to assign up- and 

down-stream elevations to each flow segment, which along with the length information, 

allowed for the generation of a slope attribute for each segment.   

3.1.2.3 Hydrology - Rainfall 
 With the characteristic parameters of the sub-basins obtained, the remaining 

information needed for the hydrologic component of the model is rainfall.  Similar to 

reasons in the selection of a runoff method, SCS synthetic Type II, 24-hour design storms 

are evaluated for the purpose of this research, as opposed to measured rainfall data.  

Additional reasons for using SCS design storms are the lack of a wide range of measured 

storm events and the consistency with the methodology used to represent some of the 

alternative strategies, as is further described in Section 3.2.  Precipitation depths used for 

the SCS Type II, 24-hour rainfall distributions are obtained from the National Oceanic 

and Atmospheric Administration's (NOAA) Precipitation-Frequency Atlas of the United 

States (Appendix E).  Table 3.1 provides the depth used for the range of typical 24-hour 

design storms used with stormwater management design in Blacksburg, Virginia. 

 
Table 3.1 Precipitation depths from NOAA for specified 24-hour design storms.  

Recurrence Interval (yr) Precipitation Depth (in) 
1 2.31 
2 2.80 
5 3.56 
10 4.18 
25 5.09 

100 6.66 
  

 It was found while routing the range of storms described in Table 3.1, that 

overflows occurred throughout the watershed with the 25- and 100-year storm events.  
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This is to be expected and can be explained by the fact that stormwater conveyances are 

typically designed to only pass up to a 10-year storm.  Likewise, stormwater management 

facilities have typically been designed only to detain flows up to the 10-year storm with 

larger storms only being provided "safe" passage.  It is typically not feasible to detain 

larger storm events.  With these larger events, safe passage usually is provided with a 

weir and description of flow path to demonstrate structures would not be encroached with 

larger storm events due to the subject development.  Since stormwater management for 

development is typically focused on smaller, more frequent storm events, for the purpose 

of this research, the 1-, 2-, 10- and 25-year storm events will be used for comparison of 

the alternative management strategies.     

3.1.2.4 Stormwater Conveyance System 
 Stormwater conveyance system infrastructure data was collected as part of the 

collaborative effort between TOB and CGIT.  Data was collected for the purpose of 

infrastructure management and to provide the data needed for detailed modeling efforts.  

CGIT graduate assistants and TOB interns collected data for the subject watershed in the 

summer of 2008.  Global Positioning System (GPS) equipment was utilized for 

horizontal positioning of structures.  Record drawing and digital aerial photography were 

used to assist in locating structures in the field.  In addition, all other relevant information 

for modeling purposes was collected, including: pipe size, geometry and type; and 

channel cross-sections and type.  Town topographic information was utilized to assign 

top elevations for manhole and catch basin structures.  With top elevations assigned, 

inverts could be assigned based on field measurements from the tops of structures to the 

pipe(s) invert at the structure.  The horizontal and vertical data collected was used to 

assign pipe slopes.  Similarly, topographical information, along with channel length was 

used to generate channel slopes.  All information was stored in GIS shapefile format with 

the corresponding attributes, and subsequently a SewerGEMS geo-database.  A summary 

of data collected for the subject watershed and imported into the model is summarized in 

Table 3.2.  Detailed conveyance system infrastructure data is provided with the model 

files to accompany this report.  
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Table 3.2 Summary of structure information within the conveyance system.  
Data description Number of Components in System Length (ft) 

Catch Basin 151 
Manhole 33 

N/A 

Pipe 218 24,942 
Channel N/A 9,661 

Channel Cross-sections 93 N/A 

3.1.2.5 Stormwater Management Facilities 
 A total of 9 stormwater management facilities (detention ponds) are included 

within the subject watershed.  Critical information for modeling these facilities consists 

of elevation-area information and control structure information for creating discharge 

rating curves.  Recall that sub-watersheds were delineated for each of these facilities.  

Stage-storage information was collected in the form of elevation-area information from 

contours on record drawings and from Town topographical information where record 

drawings were not available.  Control structure information was collected both from 

record drawings and field data collection.  Elevation information was adjusted using 

Town topographical information for consistency throughout the system.  Stage-storage 

information for each facility serving each applicable area is provided in Appendix I.    

3.1.3 Model Calibration 

 As part of the TOB modeling efforts, rain gage and flow monitoring equipment 

were installed throughout Town in January 2009.  At the outfall of the subject watershed, 

a Teledyne ISCO 2150 Area-Velocity Module is used to measure velocity and depth at 

15-minute increments.  With the cross-sectional area of the channel known, the flow is 

automatically calculated using the Manning's equation.  At the time of this research 

(August 2009), approximately 8 months of flow measurement data exists for the subject 

watershed, beginning in January, 2009.  Several tipping bucket rain gauge are located 

within the TOB.  The closest to the subject watershed is located approximately 1,500 feet 

from the watershed outfall and was used for rainfall data for the purpose of calibration.  

No significant rainfall events occurred (> 0.75 inches) until May of 2009.  Between May 

and August, there were 6 occurrences where notable rainfall fell within a 24-hour period 

(see Table 3.3).     
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 A review of Tables 3.1 and 3.3 demonstrates that the short time period of 

measured data did not provide a wide range of storm events in terms of recurrence 

interval as described in Table 3.1.  However, this best available data was used to evaluate 

the model's sufficiency for the purpose of this research.  A review of the measured data 

for each storm described in Table 3.3 reveals that two are not usable for calibration due to 

compromised data for the June 17th and the July 27th storms.  With these storms, 

measured data was mixed with negative flow values.  From discussion with TOB staff, it 

is suspected the compromised data is a result of debris caught on the monitoring 

equipment.  The TOB plans to provide a cage device to attempt to reduce the potential of 

debris affecting future results.           

 
Table 3.3 Notable measured rainfall in the subject watershed since flow monitoring began. 

Date 
Rainfall in 
24-hour 

period (in) 

Description of rainfall characteristics with 
24-hour period 

Comparable recurrence 
interval* (year, duration) 

5/15/2009 0.91 
0.87 inch as single centric peak intensity 
event, remainder sporadically throughout 
the 24-hour period 

1-2-year, 20-30 min 

5/26/2009 1.09 0.91 inch as a single event, remainder 
sporadically throughout the 24-hour period < 1 

6/17/2009 1.28 

fell as two events about 12 hours apart, 
ground saturated from previous days, both 
low intensity except one burst w/ second 
event 

< 1 

7/17/2009 1.06 separated as two events about 7 hours 
apart, both centric peak intensity and brief 1-year, 10-15 min 

7/27/2009 1.2 fell as a single event, nearly centric peak 
intensity <1 

8/5/2009 1.04 fell as a single event with early peak 
intensity 

1-year, 1-hr and/or 
 2-year, 20-30 min 

* A recurrence interval of smaller duration may have been present within the 24-hour rainfall 
period. 
       

 Using the actual rainfall hyetographs, as opposed to synthetic storm events, the 

remaining four storms from Table 3.3 were run through the subject watershed model.  

Volume and peak runoff at the outfall of the watershed is compared (see Table 3.4).  

Hydrographs are provided in Appendix F.  Visual inspection of hydrograph comparisons 

provides satisfactory results for each storm except the 7/17/2009 storm.  There are two 
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observations that may explain the discrepancy between modeled and measured data for 

the 7/17/2009 storm:  

 

• It is noted from the rainfall data on the hydrograph that one reading is much 

higher than the remainder of the storm at the 9th hour (about 0.5 inches measured 

for a 15 minute time increment).  It is suggested that the intensity indicates 

thunderstorm cells which may have been highly variable in terms of the spatial 

variability of the rainfall, as opposed to longer duration storms that typically 

cover a larger geographical area.  It is conceivable, that more intense rainfall was 

falling in the upper reaches of the watershed.  The closest rain gauge used for this 

calibration is located just downstream of the watershed outfall.      

 

• The 24-hour rainfall is noted to have fallen as two separate storms within the 24-

hour period, about 7 hours apart.  The SCS hydrology used in the model is 

calculating rainfall "stored" in the system based on a CN value with the first storm 

that occurs.  This available storage is no longer available when the second storm 

occurs 7-hours later.  In reality, storage in the form of infiltration, initial 

abstraction from canopy and depression storage may have again been available to 

a certain extent with the second rainfall.  This could possibly explain the much 

higher peak seen in the second storm with the modeled results.  In general, the 

SCS model hydrology is not suited for continuous simulation, or in this case, 

multiple defined storm events.        

 
Table 3.4 Peak runoff rate and volume comparisons between measured and modeled flow data. 

Peak (cfs) Volume (ft3) Storm event 
(data) Measured Modeled % Difference Measured Modeled % Difference 

5/15/2009 38.3 32.5 16.4 159,840 118,377 29.8 
5/26/2009 25.0 24.4 2.4 191,386 184,561 3.6 
7/17/2009 26.3 34.9 -28.1 165,639 190,153 -13.8 
8/5/2009 26.8 36.4 -30.4 102,000 173,306 -51.8 

 

 Removing the 7/17/2009 storm for the reasons described above, the average 

percent difference between modeled and measured peaks and volumes for the remaining 
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three storms is 16.8% and 28.4%, respectively.  A comparison of time to peak finds the 

modeled and measured data occur at the same, or within one time increment (15 minute 

increments), in all cases.  Considering the variability that occurs within an urban 

watershed and with the spatial distribution of rainfall itself, the results of the model are 

considered satisfactory in comparison with the measured data.  No calibration, in terms of 

adjustment of variables (CN or tC), is deemed justifiable, and the subject model is 

considered acceptable for the purpose of this research.   

3.2 Modeling Scenarios & Application of Alternative Strategies  

3.2.1 Applicable Areas 

 For the purpose of this research, applicable areas are defined as those drainage 

areas subject to the alternative management strategies that will be tested with the various 

scenarios described in Section 3.3.  In general, these are drainage areas served by existing 

stormwater management facilities.  However, since the watershed was mostly developed 

prior to the requirement for stormwater management, there are limited existing facilities, 

and good distribution throughout the watershed is not present.  Therefore, four "dummy" 

facilities have been added in the model to provide adequate coverage and distribution for 

the purpose of this study (see Appendix G for mapping of applicable areas).    These 

dummy facilities have been provided in locations where there is potential for retrofitting 

or redevelopment.  All dummy ponds were designed to detain the post-development peak 

runoff rate to the predevelopment rate for the 2- and 10-year design storms, similar to 

what would have been the design requirements for the existing facilities within the pilot 

watershed.   

  

3.2.2 Existing Regional Facilities 

 There are two facilities constructed as regional stormwater ponds within the study 

watershed.  These ponds were constructed as capital improvement projects and were not 

associated with individual development.  These ponds handle flows from large drainage 

areas that include a significant portion of the study watershed (e.g. Owens Park and 

Wong Park ponds accept flows from approximately 46% of the watershed).  It would not 
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be feasible to construct a pond at these locations to meet site specific stormwater 

management criteria intended for development projects, and these ponds were not 

originally designed in that manner.   

 Since these regional facilities potentially have a significant effect on the flows at 

the watershed outfall, each of these facilities will also be considered as points of interest 

when analyzing modeling results.  With each management strategy routing scenario, the 

maximum water surface elevation (WSE) in these ponds will be noted and compared.  

The drainage areas to these ponds are not considered as applicable areas and strategies 

are not applied to these facilities in any of the modeled scenarios.  However, in some 

cases, smaller drainage areas upstream are provided dummy facilities as described above. 

3.2.3 Strategy Parameter Development 

 For all of the management strategies there is a component that can be considered 

a "baseline" target to be met.  The designation of baseline targets for each strategy is 

discussed in this section.  Several of the alternatives strategies to be represented in 

modeling scenarios require watershed-wide analysis to determine parameters critical to 

the implementation of the strategy, as discussed in Section 2.3.  The watershed analysis 

for determination of each these parameters is discussed in this section. 

3.2.3.1 Baseline Development 
 The baseline target is a reference either related to the predevelopment condition of 

the subject development site or a baseline condition at a point of interest (POI) within the 

overall watershed.  For the purpose of this research, the baseline for configuration of site 

based strategies will assume the applicable area as meadow, with a HSG equal to C for 

computing runoff, resulting in a CN equal to 71.  Similarly, the baseline for watershed 

POI based strategies will consider all applicable areas within the watershed as meadow 

(HSG = C) for computing runoff.  Using a land cover condition of meadow in areas 

where stormwater management currently exists will approximate the period prior to 

stormwter management regulation within the watershed.  In addition, the following 

modifications were made to the watershed model to simulate a watershed baseline 

condition: 

• Stormwater facilities are set inactive in the model. 
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• Basins draining to management facilities were set to drain to the next downstream 

node unless it was appropriate to merge the basin with the next downstream sub-

basin (e.g. adjacent applicable areas).   

• Time of concentration was modified to represent a predevelopment condition (no 

storm sewer, etc.).   

 

 Using meadow as a consistent predevelopment condition subject for applicable 

areas allows for evaluation of all management strategies.  The model was run with the 

baseline modifications described to determine baseline targets at the POI of the 

watershed, as shown in Table 3.5.   

 
Table 3.5 Baseline (predevelopment) information at the POI for SCS 24-hour design storms. 

Recurrence Interval (yr) 1-year 2-year 10-year 25-year 
Peak flow (cfs) 157.72 252.05 500.69 721.00 
Volume (ac-ft) 21.6 31.0 61.1 81.2 
Time to peak (min) 738 732 738 732 

 

 In addition, for comparison purposes, an existing condition scenario and an 

existing condition scenario without development facilities was routed.  The results are 

discussed in detail in Chapter 4.  Table 3.6 and 3.7 provides the routing information for 

these scenarios that are described as: 

• Scenario 1: POI Baseline - The watershed with all applicable areas are modified 

to the pre-developed condition as described above in this section.  Some 

applicable areas were merged with the immediate downstream sub-basin and the 

overall CN adjusted accordingly.  Time of concentration was modified to assume 

no channel flows.  Results from this scenario will be used as watershed baselines 

for implementation of the watershed based management strategies. 

• Scenario 2: Existing - The current condition of the subject watershed with the 

addition of the "dummy" facilities described in Section 3.2.1.  This scenario 

demonstrates results based on the actual implementation of a traditional strategy 

(post to pre-peak runoff rate for the 2- and 10-year design storms) within the 

watershed.  Although the design for the dummy facilities assumed a CN=71, the 



 3-15

predevelopment condition in for the existing facilities would vary based on the 

condition at the time of development. 

• Scenario 3: No facilities - The current condition of the watershed with the 

stormwater management facilities serving applicable areas set as inactive in the 

model.  Note that this only excludes facilities related to development and that the 

regional facilities remain active in the model.  This scenario is provided for 

comparison purposes as a no management option.  No changes are made to the 

land cover conditions so that the existing condition with no management is 

reflected in results. 

 

Hydrographs for the three scenarios described above can be found in Appendix H, and 

include a plot illustrating: 

• The predevelopment (POI baseline) hydrographs for the 1-, 2-, 10- and 25year 

design storms (Scenario 1). 

• The existing condition hydrographs for the 1-, 2-, 10- and 25year design storms 

(Scenario 2). 

• The existing condition with no detention hydrographs for the 1-, 2-, 10- and 

25year design storms (Scenario 3). 

• Comparison of Scenarios 1, 2 and 3 for the 1-, 2-, 10- and 25year design storms. 

 
Table 3.6 Peak runoff rates and runoff volumes at the outfall of the watershed for Scenarios 1 
through 3.    

Scenario 1: POI Predevelopment  
Recurrence Interval 1-year 2-year 10-year 25-year 
Peak flow (cfs) 157.72 252.05 500.69 721.00 
Volume (ac-ft) 21.6 31.0 61.1 81.2 

Scenario 2: Current (existing) condition 
Recurrence Interval 1-year 2-year 10-year 25-year 
Peak flow (cfs) 186.76 285.43 527.46 705.55 
Volume (ac-ft) 26.6 37.9 71.3 92.4 

Scenario 3: Current (existing) condition with development detention removed 
Recurrence Interval  1-year 2-year 10-year 25-year 
Peak flow (cfs) 197.54 350.07 567.37 743.57 
Volume (ac-ft) 25.1 40.5 67.1 87.0 
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Table 3.7 Baseline (predevelopment) information at the regional facility points of interest. 

 Owens St. Pond Lower Wong Pond 

1-year 2092.44 2077.05 
2-year 2092.95 2077.89 
10-year 2094.65 2078.39 

P
O

I-P
re

 

25-year 2095.44 2078.50 
1-year 2092.54 2077.47 
2-year 2093.01 2078.04 
10-year 2094.64 2078.40 

E
xi

st
in

g 
 

25-year 2095.38 2078.50 
1-year 2092.70 2077.50 
2-year 2093.30 2078.04 
10-year 2095.04 2078.49 

N
o 

fa
ci

lit
ie

s 

25-year 2095.73 2078.50 
 

3.2.3.2 Unit Release Rate 
 The previous section describes the watershed analysis that provides the baseline 

runoff release rate for the watershed used to determine unit release rates for development 

under the URR strategy.   Recall from Section 2.3.1.1, the MMSD has set the following 

release rates for stormwater management based on a watershed study to maintain existing 

flow rates for a specified baseline: 

 A release rate of 0.5 cfs/acre for the one percent probability event (100-year 

recurrence interval) 

 A release rate of 0.15 cfs/acre for the fifty percent probability event (2-year 

recurrence interval) 

 
 The MMSD rates were set based on maintaining a specified runoff rate at a point 

of interest through an iterative watershed modeling analysis.  In the case of MMSD, the 

baseline was established based on peak flows for 1980 conditions at the point of interest.  

Similarly, release rates for the purpose of this study are also set to maintain the POI 

predevelopment runoff rates provided in Table 3.5 for the 2- and 25-year recurrence 

intervals.  MMSD’s designation of a release rate for the 2- and 100-year storm is intended 

to provide protection for a wide range.  Since the 100-year design storm is not analyzed 

in this study, release rates for the subject watershed are set for the 2- and 25-year 

recurrence intervals.      
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 With the baseline peak release rate at the POI known (Table 3.5), an iterative 

process was used to determine the unit release rates for the subject watershed that would 

result in a peak runoff rate at the POI closest to the baseline POI-predevelopment peak 

runoff rates.  This process entailed the redesign of each pond serving an applicable area 

for a variety of release rates for the 2- and 25-year recurrence interval.  The release rate 

for each recurrence interval that produced the peak at the POI that fell closest to the 

baseline target was selected.  After multiple iterations using varied unit release rates, the 

following met the objective for the subject watershed: 

 A release rate of 2.00 cfs/acre for the twenty-five percent probability event (25-

year recurrence interval) 

 A release rate of 0.25 cfs/acre for the fifty percent probability event (2-year 

recurrence interval) 

 

 Based on the determined unit release rates for the subject watershed, each 

applicable area is assigned an allowable release rate based on area.  With this, the control 

structure for each pond serving an applicable area was modified using an orifice for the 

2-year storm and a riser for the 25-year storm to achieve peak runoff rates from each 

applicable area at, or just less than, the allowable discharge (see Table 3.8a and 3.8b).  

Resulting peak runoff rates for the 2- and 25-year design storms for the overall watershed 

are 268.5 cfs and 675.5 cfs, respectively (see Table 3.9).  Note that each is less than the 

peak runoff rates for the overall watershed in the pre-developed condition. 
Table 3.8a Information for application of the determined unit release rates for the 2-year design 
storm.   Area reflects area of applicable area; allowable release rate is the area multiplied by the URR 
and design value is the actual release rate after modification of the control structure.  

Site ID 
Area 
(ac) 

2-yr URR 
(cfs/acre) 2-yr Allowable Release rate (cfs) Design (cfs) 

A 30.27 0.25 7.57 7.54 
B 5.97 0.25 1.49 1.31 
C 7.56 0.25 1.89 1.89 
D 6.05 0.25 1.51 1.51 
E 21.53 0.25 5.38 4.80 
F 3.98 0.25 1.00 0.83 
G 2.35 0.25 0.59 0.59 
H 2.07 0.25 0.52 0.49 
I 8.77 0.25 2.19 1.92 

Totals 88.55 N/A 22.14 20.88 
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Table 3.8b Information for application of the determined unit release rates for the 25-year design 
storm.   Area reflects area of applicable area; allowable release rate is the area multiplied by the URR 
and design value is the actual release rate after modification of the control structure.  

Site ID 
Area 
(ac) 

25-yr URR 
(cfs/acre) 25-yr Allowable Release rate (cfs) Design (cfs) 

A 30.27 2.00 60.538 58.89 
B 5.97 2.00 11.94 10.85 
C 7.56 2.00 15.12 14.15 
D 6.05 2.00 12.104 10.51 
E 21.53 2.00 43.052 41.23 
F 3.98 2.00 7.96 7.05 
G 2.35 2.00 4.7 4.7 
H 2.07 2.00 4.132 3.76 
I 8.77 2.00 17.546 16.49 

Totals 88.55 N/A 177.09 167.63 
 

 
Table 3.9 Comparison of peak outflow at the watershed POI between the baseline predevelopment 
peak runoff rates and with the unit release rates applied to the watershed. 

2-year peak runoff rate 25-year peak runoff rate 
Tailored 

URR 
(cfs) 

POI-
Predevelopment 

(cfs) 

% 
difference 

Tailored URR 
(cfs) 

POI-
Predevelopment 

(cfs) 

% 
difference

267.22 252.05 6.01 689.61 721 4.36 
 

 Details regarding model representation of this strategy to applicable areas are 

discussed further in Section 3.3.2.1.  

3.2.3.3 Stratified Release Rate Approach 
 Recall from Section 2.3.2 that a stratified approach to stormwater management is 

intended to meet the goal of no increase in maximum peak flows at a point, or points, of 

interest by implementing management requirements at the site scale based on a watershed 

analysis.  The watershed analysis performed in Section 3.2.3.2 that found baseline runoff 

release rate for the watershed is used for implementation of this strategy, specifically the 

calculation of release rates.  For the watershed, release rates were developed for each 

applicable area using the following equation: 

 

100×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

i

ij
ji Q

Q
R      (3-3) 
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Where: Rij = release rate of sub-basin i at downstream reach j (% of predevelopment     

          peak runoff rate) 

 Qij = predevelopment discharge contribution of sub-basin i to the peak discharge 

 of a downstream reach j (cfs) 

 Qi = predevelopment peak discharge of sub-basin i (cfs) 

 

 The variables in Equation 3-3 were determined for the watershed by comparing 

the runoff hydrograph at the POI to the predevelopment hydrograph for each applicable 

area.  This task was accomplished with the following steps: 

1. Model modification: The predevelopment condition for each applicable area was 

assumed to have a CN equal to 71.  Time of concentration was also modified to 

take into account the lack of channel flow. 

2. For the applicable areas in Step 1, a separate model for each applicable area (refer 

to Appendix G) was generated that included only the respective applicable area 

and all of the conveyance system that conveyed flows from that specific 

applicable area to the watershed outfall.  

3. Each model from step two (applicable areas A through I) was run and the time 

versus outflow data (3 minutes increments) at the watershed outfall was entered 

into a spreadsheet.  

4. The predevelopment POI model time versus outflow data (3 minutes increments) 

is entered into the spreadsheet from step 3.   

5. Qij was then determined as the flow for each specific applicable area model (from 

step 2) that corresponds with the time step generating the peak flow for the overall 

watershed.  Qi is simply the peak flow rate for the individual applicable area. 

   
Table 3.10 Values used for generation of release rates for applicable areas: 2-year storm. 

 

 A B C D E F G H I 
Qi 15.9 4.3 6.2 4.3 19.5 3.0 1.6 1.6 5.9 
Qij 0.2 0.2 4.9 0.2 13.6 2.6 1.5 1.3 0.4 
Rij 1.1 5.1 80.0 4.4 69.6 84.8 96.9 84.1 6.3 

Allowable 
release - 
% of pre-

peak 

100.0 100.0 80.0 100.0 70.0 80.0 100.0 80.0 100.0 
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Table 3.11 Information used for generation of release rates for applicable areas: 10-year storm. 

 A B C D E F G H I 
Qi 42.1 11.0 15.7 11.1 42.8 7.6 4.2 4.0 15.4 
Qij 6.5 3.2 12.5 1.6 35.9 5.9 3.4 2.2 2.1 
Rij 15.4 28.8 80.1 14.8 83.8 76.9 81.2 55.9 13.6 

Allowable 
release - 
% of pre-

peak 

100.0 100.0 80.0 100.0 80.0 80.0 80.0 60.0 100.0 

 
Table 3.12 Information used for generation of release rates for applicable areas: 25-year storm. 

 A B C D E F G H I 
Qi 61.9 16.0 22.7 16.1 59.5 11.0 6.1 5.7 22.6 
Qij 7.0 4.4 18.5 2.4 37.1 9.9 5.5 4.0 2.6 
Rij 11.3 27.5 81.2 14.6 62.2 89.4 90.5 69.4 11.5 

Allowable 
release - 
% of pre-

peak 

100.0 100.0 80.0 100.0 60.0 90.0 90.0 70.0 100.0 

  

 The steps above resulted in the release rate values for the 2-, 10- and 25-year 

design storms as shown in Table 3.10, 3.11 and 3.12, respectively.  With release rates 

determined, rules from Section 2.3.2.1 were used to assign the release rate for each 

applicable area.  When comparing the generated allowable release rates for each 

applicable area (reference Appendix G), the following observations are noted: 

• Applicable areas with discharge of flows that are not subjected to regional 

management facilities downstream, all appear to contribute more significantly to 

the watershed peak runoff rate than those that flow through regional facilities 

downstream.  In fact, all applicable areas that discharge flows that are subjected to 

downstream regional facilities are assigned an allowable release rate of 100% of 

the predevelopment peak runoff rate.  This indicates that the regional facilities 

delay flows from these applicable areas enough to mitigate some of their impact 

to the watershed peak runoff rate.   

• Applicable areas that do not have discharge subjected to regional stormwater 

management downstream appear to contribute more than those that do no matter 

where they are located within the watershed. 
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• Applicable area E, with the lowest assigned release rates on average for the range 

of design storms, appears to indicate that the size of the sub-basin (not only the 

locations within the watershed) may influence designation of release rates. 

• Assigned release rate can vary for sub-basins within close proximity of each 

other.  This indicates that timing is sensitive within the relatively small and 

urbanized watershed. 

 

 Note that a collection of unit release rates would typically be generated for all 

sub-basins.  These rates would be used to generate a map by merging neighboring values 

for a generalized map that groups sub-basins within a watershed and assigns them 

specified release rates.  However, since only applicable areas are subject to stormwater 

management for the purpose of this research, a generalized map is not created, and the 

release rates generated using Equation 3-3 are applied for modeling this strategy.   

 

 Details regarding model representation of this strategy to applicable areas are 

discussed further in Section 3.3.3.1. 

3.2.3.4 Volumetric Design Procedure 
 In order to represent the VDP, a watershed-wide analysis to determine the critical 

storm period is required (refer to Section 2.3.3.3).  The critical time period is defined as 

the amount of time from the peak of the design rainfall to the peak of the runoff 

hydrograph resulting from a subject watershed at some critical point (the outfall of the 

overall watershed for the purpose of this research).  For multiple critical locations within 

a watershed, a critical time period would be determined for each.  Site stormwater 

management would be based on the critical time period assigned to the closest 

downstream critical location.  The MMSD VDP requires that post-development runoff 

volumes shall be limited to the predevelopment runoff volumes during a critical time 

period for the 2- and 100-year storm.  Since the 100-year design storm is not analyzed in 

this study, release rates for the subject watershed are set for the 2- and 25-year recurrence 

intervals, similar to the URR analysis. 
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Figure 3.2 Graphical depiction that illustrates the VDP requirement to maintain the predevelopment 
volume during the critical time period.  The shaded area beneath the "post" hydrograph must be less 
than the shaded area beneath the predevelopment hydrograph.  The critical time period as shown is 
the time from 714 - 732 minutes. 
 

 Determination of the critical time period simply involved identifying the time of 

peak intensity from the design rainfall.  This peak intensity is determined to be at 714 

minutes for both the 2- and 25-year SCS, Type II, 24-hour design storms.  Next, the 

predevelopment POI model scenario was used to determine the time of peak runoff at the 

watershed outfall.  Peak runoff rate at the watershed outfall occurs at 732 minutes.  

Therefore, design of facilities serving applicable areas shall maintain post-development 

runoff volume to the predevelopment volume for the 18 minutes during the critical time 

period between 714 and 732 minutes.   

 

 Details regarding model representation of this strategy to applicable areas are 

discussed further in Section 3.3.4.3. 

 

3.2.4 Stormwater Management Modeling Scenarios  

 The traditional and alternative stormwater strategies are represented as unique 

model scenarios assuming all applicable areas are subject to the specific strategy.  For 
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comparison, a "no-management" model scenario is run with the existing conditions 

represented to demonstrate the case of no stormwater management within the watershed.  

It is noted that a scenario is defined for the purpose of this report as a unique model run 

for a specified strategy represented in the watershed.    Strategies to be modeled, 

described in detail in Sections 2.2 and 2.3, include the: 

1. traditional peak reduction; 

2. tradition peak reduction with treatment component; 

3. unit release rates; 

4. stratified release rate; 

5. Low Impact Development; 

6. Full Spectrum Detention; 

7. Volumetric Design Procedure 

 

 Each scenario is subjected to a range of design storms.  Control structures for 

ponds serving each applicable area are designed to meet the design specifications for 

each of the strategies.  Therefore, outflow hydrographs from each applicable area are 

representative of the outflow that would be expected to result from the specific strategy.  

Methodology for achieving representative outflow for each strategy is described in 

Section 3.3.   

 

3.3 Alternative Strategy Model Representation  

 Provided in Section 3.3 are the methodologies for representing each management 

strategy within the model.  Each sub-section provides a description of the steps required 

to generate a hydrograph from each applicable area representative of the subject strategy.  

Each section references Appendices that provide detailed information related to the 

design of facilities required for each strategy.  Common in all cases are the design storms, 

the pre- and post development hydrological parameters and the facility stage-storage 

information that serve each applicable area.  A summary of each strategy is provided in 

Table 3.13.  The following common information can be found in Appendix I: 

• SCS, Type II, 24-hour design rainfall for the 1-, 2-, 10-, and 25-year design 

storms. 
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• Pre- and post-development hydrologic parameters for each applicable area. 

• Stage-storage information for the facility serving each applicable area. 

 
Table 3.13 Summary of strategies and their general characteristics. 

Management Strategy 
Design 

Storm focus 
at Site Scale 

Design Storm focus 
at Watershed Scale Other Unique Component 

Traditional 2, 10 N/A  
Traditional with Water 

Quality Component 2, 10 N/A 30-hour drawdown of WQ 
volume 

Unit Release Rates  N/A 2, 25 release rate per acre to 
maintain condition at POI 

Stratified Release Rate N/A 2, 10, 25 release rate ratio based 
on contribution at POI 

Low Impact Development 2, 10 N/A Maintain runoff from LID 
storm (1-year) 

Full Spectrum Detention 10, 25 N/A 72-hour drawdown of the 
EURV + 10% 

Volumetric Design 
Procedure N/A 2, 25 volume detention during 

critical time period 
 

3.3.1 Traditional Stormwater Management 

 Recall from Section 2.2 that traditional management strategies typically require 

post development peak runoff rates not to exceed the predevelopment peak runoff rate for 

specified design storms.  In more recent years, a treatment component was also added 

that can potentially affect the runoff hydrograph.  Model representation of traditional 

strategies is discussed in this section.    

3.3.1.1 Maintaining Predevelopment Peak Runoff Rate 
 As previously mentioned in Section 3.2.3.1, for the purpose of this research, the 

baseline (predevelopment) for configuration of site based strategies will consider the 

applicable area as meadow (HSG = C) for computing runoff, resulting in a CN equal to 

71.  Also, time of concentration is modified for each applicable area to simulate a 

predevelopment condition by not considering any paved channel flow to be present.   

 

 With baseline predevelopment parameters established, a predevelopment peak 

runoff rate is generated for each design storm and for each applicable area.  These rates 

are set as the target runoff rate and the outflow control structure serving each applicable 
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area is modified allow discharge to match, or fall just below, the predevelopment runoff 

rate.  For the 2- and 10-year design storms, a combination of orifice(s) and a riser is used 

to detain to the predevelopment runoff rate.  A weir will be provided with its crest set just 

above the maximum water surface elevation of the 10-year storm to allow passage of 

storms that exceed the design storms, when needed.  This design is similar to the 

approach taken by a design engineer and results in an accurate depiction of the strategies 

outflow hydrograph from each applicable area.  Typical of traditional requirements for 

this strategy, design of control structures will reduce the 2- and 10-year design storms.   

  

 The following information associated with the representation of this strategy can 

be found in Appendix J: 

• Control Structure information for each facility serving each applicable area.   

• Pre- and post development hydrographs for each applicable area for design storms 

that meets the strategy requirements.   

 

3.3.1.2 Treatment Component Added to Peak Rate Reduction 
 Section 2.2 discusses the addition of a treatment component to the traditional 

strategy in the previous section.  This component currently requires the treatment of the 

"first flush" in Virginia.  The first flush is defined as the first 1/2-inch of runoff from the 

impervious cover within an applicable area, also known as the treatment volume. 

 

 The treatment volume can be treated using a variety of BMP practices.  

Depending on BMP selection, the resulting post-development hydrograph from a 

development could vary.  For example, an infiltration BMP would subtract some volume 

of runoff from the outflow hydrograph.  A filtering device may not affect the hydrograph 

at all.  Other practices such as bioretention would have some minimal affect on the 

outflow hydrograph depending on the infiltration rate on the soil mixture and storage 

capacity in the basin.  In Blacksburg, the location of the subject watershed, infiltration is 

typically not feasible due to clayey soils.   
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 To represent this strategy for the purpose of this research, extended detention 

(pollutant settling) is used for the treatment of the first flush.  This BMP option is a 

typical selection in Blacksburg and can also be a feasible option for the retrofit of 

existing facilities to provide a quality benefit.  In Virginia, extended detention requires a 

minimum water quality volume drawdown of 30-hours (e.g. the outlet is sized to drain 

the water quality volume in 30-hours).  Therefore this strategy will be represented for 

each applicable area by providing this drawdown for the water quality volume.  

Impervious area within each applicable area is generated from the GIS land cover data 

discussed in Section 3.1.2.1.  The water quality volume is calculated as 1/2-inch times the 

impervious area in the applicable area.   

 

 A primary, or water quality orifice, is used for the water quality drawdown.  With 

this being an additional component to the traditional strategy discussed in the previous 

section, representation of this model will also include post-peak runoff rate reduced to the 

predevelopment peak runoff rate for the 2- and 10-year storms.  A secondary orifice will 

be used for the 2-year peak runoff design and a riser or orifice for the 10-year, if needed.  

In addition, a weir will be provided with its crest set just above the maximum water 

surface elevation with routing of the 10-year storm to allow passage of storms that exceed 

the design storms.       

     The following information associated with the representation of this strategy can 

be found in Appendix K: 

• Calculation of water quality volume including the corresponding stage within the 

stormwater facility. 

• Water quality volume drawdown hydrograph 

• Control Structure information for each facility serving each applicable area.  

• Summary Table providing comparison of pre- and post-development peak runoff 

rates with the Traditional with Water Quality Component strategy implemented at 

each applicable area.  

• Pre- and post development hydrographs for each applicable area for design storms 

that meets the strategy requirements.   
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3.3.2 Downstream peak Focus Blanket Strategy 

 Of the alternative strategies evaluated for this research, one can be considered a 

strategy that applies a blanket strategy for site stormwater release requirements based on 

a watershed perspective.  This perspective is the goal of maintaining a maximum release 

rate established at a downstream point of interest.  This strategy is the Unit Release Rate 

Strategy and is described in more detail in Section 2.3.1.1.  With this research, the point 

of interest is considered the outfall of the overall watershed.  The maximum allowable 

downstream release rate at the outfall was established with the representation of a 

predevelopment baseline peak runoff rate as described in Section 3.2.3.1.      

3.3.2.1 Unit Release Rate 
 Model representation of the URR strategy inherently requires a watershed 

analysis to determine unit release rates that maintain a condition at the point of interest 

(outfall of watershed in the case of this research).  As described in more detail in Section 

3.2.3.2, the analysis evaluated a range of unit release rates on all applicable areas for the 

2- and 25-year storm events to designate the unit release rates that achieved the 

downstream objective.  The unit release rates for the subject watershed were found to be: 

 A release rate of 2.00 cfs/acre for the four percent probability event (25-year 

recurrence interval) 

 A release rate of 0.25 cfs/acre for the fifty percent probability event (2-year 

recurrence interval) 

  

 Model representation is based on maintaining the above unit release rates.  

Maximum allowable release from each applicable area is determined by multiplying the 

release rate by the area of the applicable area.  The control structure serving each 

applicable area is then modified to achieve the allowable maximum release rate.  

Similarly as described for the traditional strategy, an orifice is used to maintain the 

release rate for the 2-year storm and a riser structure for the 25-year storm.  The actual 

control structure design is performed as part of the analysis described in Section 3.2.3.2.  

Results are found in Table 3.8 that includes the applicable area areas, the allowable 

release rates and the actual design release rates after control structures have been 

modified. 
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 The following information associated with the representation of this strategy can 

be found in Appendix L: 

• Table providing the maximum allowable release rates per applicable area for both 

the 2- and 25-year design storms. 

• Control Structure information for each facility serving each applicable area.   

• Pre- and post development hydrographs for each applicable area for design storms 

that meets the strategy requirements.   

3.3.3 Downstream peak Focus Stratified Strategy 

 Of the alternative strategies evaluated for this research, one can be considered a 

strategy that applies a stratified approach for site stormwater release requirements based 

on a watershed perspective.  This perspective is the goal of maintaining a maximum 

release rate established at a downstream point of interest.  This strategy is the Stratified 

Release Rate strategy and is described in more detail in Sections 2.3.2.1 and 2.3.2.2.  For 

the purpose of this research, the point of interest is considered the outfall of the overall 

watershed.  The maximum allowable downstream release rate at the outfall was 

established with the representation of a predevelopment baseline peak runoff rate as 

described in Section 3.2.3.1.  

 

3.3.3.1 Stratified Release Rates 
 Model representation of the Stratified Release Rate strategy inherently requires a 

watershed analysis to determine release rates based on the contribution of sub-areas 

within the watershed to the peak runoff rate of the overall watershed.  As described in 

more detail in Section 3.2.3.3, the analysis evaluates each sub-basin’s contribution to the 

watershed's overall peak and determines what percentage of the predevelopment peak 

runoff rate within the sub-basin is the allowable release rate for the developed condition. 

Results of the analysis can be found in Tables 3.10, 3.11 and 3.12.  Based on the 

percentages provided in these tables, Table 3.13 provides the allowable release rate for 

each applicable area for the 2-, 10- and 25-year storm events, respectively.  It should be 

noted that the LVPC implementation of a stratified strategy requires post-development 
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peak reduction to 30% of the predevelopment peak for the 2-year design storm.  

However, for representation of this strategy for the purpose of this research, the %-

allowable methodology is used for all design storms.     

 

 Model representation is based on maintaining the release rates provided in Table 

3.14.  The control structure serving each applicable area is modified to achieve the 

allowable maximum release rate.  A primary orifice is used to maintain the release rate 

for the 2-year storm, a secondary orifice for the 10-year storm and a riser structure for the 

25-year storm, if needed. 

 

 The following Information associated with the representation of this strategy can 

be found in Appendix M: 

• Table providing the maximum allowable release rates per applicable area. 

• Control Structure information for each facility serving each applicable area.   

• Pre- and post development hydrographs for each applicable area for design storms 

that meets the strategy requirements.   

 
Table 3.14 Allowable release rates per applicable area for the 2-, 10- and 25-year storms.  Allowable 
release % and predevelopment runoff values determined as described in Section 3.2.3.3.  

Applicable 
Area 

Predevelopment Peak 
Runoff Rate (cfs) 

Allowable release 
(% of predevelopment) 

Allowable release rate 
(cfs) 

 2yr 10yr 25yr 2yr 10yr 25yr 2yr 10yr 25yr 
A 15.9 42.1 61.9 100 100 100 15.9 42.1 61.9 
B 4.3 11.0 16.0 100 100 100 4.3 11.0 16.0 
C 6.2 15.7 22.7 80 80 80 5.0 12.6 18.2 
D 4.3 11.1 16.1 100 100 100 4.3 11.1 16.1 
E 12.3 32.3 47.5 80 100 80 9.8 32.3 38.0 
F 3.0 7.6 11.0 80 80 90 2.4 6.1 9.9 
G 1.6 4.2 6.1 100 80 90 1.6 3.4 5.5 
H 1.6 4.0 5.7 80 60 70 1.3 2.4 4.0 
I 5.9 15.4 22.6 100 100 100 5.9 15.4 22.6 
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3.3.4 Volume Focus Strategy 

 Of the alternative strategies evaluated for this research, three can be considered 

strategies that apply a volume focused approach for site stormwater release requirements. 

Two of these strategies, Low Impact Development and Full Spectrum Detention, are 

considered more site than watershed based strategies since they do not require a 

watershed analysis for implementation (reference Sections 2.3.3.1 and 2.3.3.2, 

respectively).  However, the third of the volume based strategies, the Volumetric Design 

Procedure (Section 2.3.3.3), does require a watershed analysis to determine the critical 

storm period.  Although only Low Impact Development actually requires a reduction in 

volume from leaving a development site, the Full Spectrum Detention and Volumetric 

Design Procedure each focus on the extended detention of a specified volume, taking the 

focus off of peak reduction as with other strategies evaluated as part of this research.   

3.3.4.1 Low Impact Development 
 LID is intended to guide design that maintains or restores a development to the 

predevelopment hydrologic and hydraulic conditions.  The optimal result is that the post-

development runoff hydrograph matches the predevelopment hydrograph by using a 

combination of retention (infiltration) and detention along with design components that 

maintain the time of concentration.   

 As mentioned in Section 2.3.3.1, it is not the intention of this research to attempt 

to provide micro-modeling guidance at the site scale, which would be the case when 

attempting to represent an integrated LID site design using traditional routing and 

computational methods.  In order to represent an LID site, a designer would typically: 

1. Design the site to lower the CN by breaking out the site into discrete areas to 

account for design features (such as maintaining wooded areas), therefore 

generating an LID CN. 

2. Provide design features to maintain the post-development time of concentration to 

the predevelopment time of concentration. 

3. Use the LID chart series described in Section 2.3.3.1 to determine the area of the 

site needed for retention to maintain predevelopment volume. 

4. Use the LID chart series described in Section 2.3.3.1 to determine the volume 

needed for detention and/or retention to maintain the predevelopment peak. 
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 The four steps described above would be followed to result in a site design that 

maintains the predevelopment runoff hydrograph for an LID design storm which is 

defined as the greater rainfall between either the: 

• rainfall at which direct runoff begins from a site that assumes a CN based on 

woods in good condition, with the existing hydrologic soils group (HSG).  

Equation 2.2 & 2.4 from TR-55 (initial abstraction) is used to determine the 

rainfall needed to initiate runoff, with a modifying factor; or 

• the 1-year, 24-hour storm event. 

  

 To represent this strategy for each applicable area, it is assumed that steps 1 

through 4 above have been implemented in a sufficient manner in that the post-

development runoff hydrograph has been maintained to the equivalent of the 

predevelopment hydrograph for the LID design storm.  This is accomplished in the model 

representation by providing storage beneath the primary orifice and by maintaining the 

predevelopment time of concentration.  In all cases for each applicable area, maintaining 

the predevelopment volume resulted in a post-development peak less than the 

predevelopment peak, satisfying step #4 as listed above.  A secondary orifice, if needed, 

and a riser structure is used to assure post-development peak runoff rates are maintained 

for the 2- and 10-year design storms, respectively since these requirements would also 

need to be met under Virginia Stormwater Regulations if this strategy was implemented.  

It should be noted that maintaining the predevelopment hydrograph for the LID design 

storm would be challenging, if not impossible in Blacksburg since infiltration is not a 

feasible method for volume reduction.  However, other BMPs, such as rainwater 

harvesting, may provide some potential for meeting this goal.  

 

 The LID design storm is determined for each applicable area as the greater of 

either storm described above.  To determine which is greater, Equation 2.2 and 2.4 from 

TR-55 (see Equation 3-4 below) is used to determine the rainfall needed to initiate runoff 

for each applicable area.  Since it has previously been established that the assumed 

predevelopment CN for all applicable areas is 71, using Equation 3-4 below, initial 
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abstraction (Ia) is equal to 0.82 inches.  Therefore, 0.82 inches represents the rainfall at 

which direct runoff begins from an applicable area.  From Table 3.1, it is found that the 

rainfall depth for the 1-year, 24-hour event is 2.31 inches.  Since this is the greater of 

either storm described above, the 1-year, 24-hour event is the LID design storm.   

 

101000,2.0 −==
CN

SwhereSIa      (3-4) 

 

 The following information associated with the representation of this strategy can 

be found in Appendix N: 

• Information for revised stage-storage information that provides storage beneath 

the primary orifice for maintaining the predevelopment runoff hydrograph for the 

LID design storm. 

• Control Structure information for each facility serving each applicable area.   

• Pre- and post development hydrographs for each applicable area for design storms 

that meets the strategy requirements.   

 

3.3.4.2 Full Spectrum Detention 
 The unique component for model representation of the Full Spectrum Detention 

strategy is the extended detention of the excess urban runoff volume (EURV) which is 

defined as the difference between the post- and pre-development runoff volume.  As 

discussed in Section 2.3.3.2, when the EURV plus 10% is captured and released over 72-

hours, the runoff volume exceeding the EURV approximates the predevelopment volume.  

To simulate FSD, applicable areas are subject to detention that met the following runoff 

requirements: 

• Detention and release of the EURV over a 72-hour drawdown period. 

• Control of the 25-year peak runoff rate to the predevelopment peak (Note that the 

UDFCD requires control of the 100-year peak runoff rate; however, for the 

purpose of this research the 10- and 25-year storm is detained instead.  The 10-

year to stay consistent with Virginia Stormwater Regulation and the 25-year to 
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maintain the large storm detention requirement associated with the UDFCD 

criteria). 

 

 To meet the above requirements, the EURV is determined for each applicable 

area.  To assist designers, a spreadsheet is provided by the UDFCD (reference Section 

2.3.3.2).  However, this spreadsheet utilizes Horton's Equation to account for volume 

losses and since predevelopment condition for the purpose of this research has been 

established for each applicable area as described in Section 3.2.3.1 using the SCS CN 

methodology, the UDFCD spreadsheet is not used.   

 To determine the EURV, methodology similar to the UDFCD method is 

performed using the following steps: 

1. For the 1-, 2-, 10- and 25-year design storms, the predevelopment runoff volume 

was subtracted from the post-development volume. 

2. The difference in volume between pre- and post for each storm and each 

applicable area is then divided by the area of the corresponding applicable area.  

Units are converted to provide results in depth (inches). 

3. The impervious area for each applicable area is obtained.  Percent impervious of 

each applicable area is calculated. 

4. A plot is then created displaying % impervious versus the differences in volumes 

from step 1 for each design storm. 

5. A trend line based on the averages of all results is created that will serve as the 

benchmark for the selection of the EURV based on an applicable areas % 

imperviousness (see Figure 3.3).    
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Figure 3.3 Establishment of the EURV was generated using data from all applicable areas for a 
range of design storms. 
 

 The EURV for each applicable area is generated using the trend line in Figure 3.3 

and the areas of each applicable area (see Table 3.15).  The EURV plus 10% is used to 

find a corresponding elevation from the stage-storage information for each facility 

serving each applicable area.  Design of control structures assures that this volume has a 

72-hour drawdown per the FSD design criteria.  A primary orifice will detain the EURV 

volume while a secondary orifice and/or a riser will be used to detain to the 

predevelopment runoff rate for the 10- and 25-year design storms, respectively. 

 
Table 3.15 EURV for each applicable area is calculated based on the EURV as inches per acre 
established in Figure 3.3. 

Applicable Area % Impervious 
(x) 

EURV as inches 
per acre 

(0.0235x)* 
Area (acres) EURV (ft3) 

A 34.93 0.82 30.27 90,199 
B 39.83 0.94 5.97 20,283 
C 46.05 1.08 7.56 29,695 
D 21.42 0.50 6.05 11,058 
E 15.51 0.36 21.53 28,484 
F 4.65 0.11 25.51 10,122 
G 58.66 1.38 2.35 11,760 
H 73.41 1.73 2.07 12,938 
I 39.13 0.92 8.77 29,282 

* From Figure 3.1 
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 The following information associated with the representation of this strategy can 

be found in Appendix O: 

• EURV plus 10% stage for each facility serving each applicable area. 

• Control Structure information for each facility serving each applicable area.   

• Hydrograph depicting drawdown of the EURV for each applicable area. 

• Pre- and post development hydrographs for each applicable area for representative 

design storms.   

 

3.3.4.3 Volumetric Design Procedure 
 Model representation of the VDP strategy inherently requires a watershed analysis 

to determine the critical storm period.  Recall that the critical time period is defined as the 

amount of time from the peak of the design rainfall to the peak of the runoff hydrograph 

resulting from a subject watershed at some critical point (the outfall of the overall 

watershed for the purpose of this research).  For model representation, MMSD requires 

the post-development runoff volumes shall be limited to the predevelopment runoff 

volumes during the critical time period for the 2- and 100-year storm.  Since the 100-year 

design storm is not analyzed in this study, release rates for the subject watershed are set 

for the 2- and 25-year recurrence intervals.  The critical time period was previously 

determined to extend from 714 minutes to 732 minutes. 

  

 For model representation of this strategy, design of facilities serving applicable 

areas shall maintain post-development runoff volume to the predevelopment volume for 

the 18 minutes during the critical time period between 714 and 732 minutes.  This is 

accomplished using the following steps: 

• Calculate the total volumes of runoff released during the critical time period from 

the predevelopment hydrographs for each applicable area for both the 2- and 25-

year events.  This sets the allowable volume discharge during the critical time 

period for each applicable area (see Table 3.16). 

• Employ an iterative process by routing post-development hydrographs through 

modified control structures for each applicable area facility until the VDP 

objective is met.  
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Table 3.16 Allowable release volumes during the critical time period.  

Applicable Area 
2-year predevelopment 

volume released during the 
critical time period (ft3) 

25-year predevelopment 
volume released during the 

critical time period (ft3) 
A 11,504 53,497 
B 3,793 15,464 
C 5,508 21,255 
D 3,768 15,460 
E 9,600 43,048 
F 2,675 10,707 
G 1,400 5,827 
H 1,388 5,555 
I 5,202 21,667 

 

 In each case for each applicable area, a primary orifice detains the 2-year volume 

to the predevelopment volume during the critical time period volume while a riser is used 

as a secondary release for meeting the VDP requirement for the 25-year design storm. 

 

 The following information associated with the representation of this strategy can 

be found in Appendix P: 

• Control Structure information for each facility serving each applicable area.   

• Comparison of pre- and post development volumes released during the critical 

time period for the 2- and 25-year design storms. 

• Pre- and post development hydrographs for each applicable areas for 

representative design storms.   
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4 Modeling Results 

The overall objective of this research is to investigate downstream runoff peak reductions 

resulting from the application of alternative stormwater management strategies within the 

subject watershed.  To achieve this goal, model routing results for design storms based on 

alternative management scenarios are compared.  Chapter 4 presents the results of the 

modeled scenarios described in the previous chapters and is intended to address the 

following objectives as stated in Section 1.2: 

• Evaluate characteristics of runoff hydrographs resulting from each applicable area 

with each alternative management strategy.  Routing will be subject to a range of 

design storms.   

• Analyze the resulting hydrographs at the watershed outfall generated from 

implementation of each alternative management strategy for all applicable areas 

within the watershed. 

4.1 Runoff at the Site Scale 

 Results are reviewed in context of the components of the runoff hydrograph for 

each of the alternative management strategies over the range of design storms.  This 

section discusses these metrics prior to their inclusion in the analysis of results for the 

overall watershed beginning in the subsequent section. 

4.1.1 Strategy variations 

 All of the management strategies presented within this research have explicit 

variations to design parameters in regards to the following: 

• Specified design storms required to be analyzed as part of analysis. 

• Either a site based or watershed based focus for defining a target release rate for 

specified design storms. 

 

 Specified design storms require a predevelopment condition to be maintained 

explicitly either at the outfall of the site or at the outfall of the watershed, as determined 

by a watershed analysis.  Table 4.1 summarizes those strategies based on site outfall peak 

reduction requirements and includes both Traditional strategies, LID and FSD.  Also 
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summarized in Table 4.1 are those strategies that are based on maintaining a 

predevelopment condition within the overall watershed, these include the Stratified 

Release Rate, URR and VDP strategies.  However, where all of the site based strategies 

have at least part of their focus on detaining predevelopment peak runoff rates for 

specified design storms, only one of the watershed strategies (URR) also hinges on 

reduction of post-peak runoff rate to the predevelopment peak runoff rate at the 

watershed point of interest.  Recall the difference from the site based strategies in this 

sense is that unit release rates per acre are developed with a watershed analysis to 

maintain the predevelopment conditions at the watershed outfall.  The Stratified strategy 

is similar in that post-development peak runoff rates shall be detained to below a 

specified level for specific design storms, but varies in that the target runoff rate is a ratio 

of the predevelopment peak runoff rate based on a sub-basins contribution to the 

watershed peak runoff rate.  Of the strategies presented, only the VDP management 

requirements have no requirement for detention of peak runoff rates.  However, 

management is related to specified design storms, whereas volumes during the critical 

time period shall be maintained for these storms.     

 
Table 4.1 Summary of design parameters for the alternative strategies. 

Management Strategy 
Design 

Storm focus 
at Site Scale 

Design Storm focus 
at Watershed Scale Other Unique Component 

Traditional 2, 10 N/A none 
Traditional with Water 

Quality Component 2, 10 N/A 30-hour drawdown of WQ 
volume 

Unit Release Rates  N/A 2, 25 release rate per acre to 
maintain condition at POI 

Stratified Release Rate N/A 2, 10, 25 release rate ratio based 
on contribution at POI 

Low Impact Development 2, 10 N/A Maintain runoff from LID 
storm (1-year) 

Full Spectrum Detention 10, 25 N/A 72-hour drawdown of the 
EURV + 10% 

Volumetric Design 
Procedure N/A 2, 25 volume detention during 

critical time period 
 

 An observation related to design storms is the range analyzed for each strategy.  

Again referencing Table 4.1, it is found that each of the watershed based strategies design 

storms range from the 2- to the 25-year storms.  It is noted that the more frequent storms 
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(< 2-year) are not explicitly analyzed for these strategies.  With the site based strategies, 

design storms range from the 2- to the 10-year design storms, with the exception of the 

FSD strategy that ranges from the 10- to 25-year design storms.  However, the unique 

components with the site based strategies also provide a focus on the smaller, more 

frequent storms.    

4.1.2 Site runoff characteristics 

 
 The alternative strategies examined in this research have been discussed in 

previous chapters in regards to their goals, development and implementation 

requirements.  A model scenario has been performed for each strategy that implemented 

the specified design requirements in each applicable area.  Resulting hydrographs for 

each strategy and from each applicable area are provided in the Appendices as follows: 

• Traditional - Appendix J 

• Traditional with Water Quality Component - Appendix K 

• Unit Release Rate - Appendix L 

• Stratified Release Rate - Appendix M 

• Low Impact Development - Appendix N 

• Full Spectrum Detention - Appendix O 

• Volumetric Design Procedure - Appendix P 

 

 Control structure design for each facility serving each applicable area was 

implemented in a manner to strictly meet the strategy objectives.  For example, if no 

requirement was specified for the 25-year design storm, discharge was maximized 

immediately above the maximum water surface level resulting from the stage design for 

the 10-year storm.  This approach is intended to give an accurate depicting of the strategy 

being used in practice.   

 

 It is observed from Table 4.1 and 4.2 that strategies that do not focus on "fringe" 

storms, fringe storms being the smallest or largest storms analyzed with this research, that 

post-development peak runoff rates exceed the predevelopment runoff peak runoff rates.  
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The exceptions are the VDP and URR strategy.  These strategies, based on watershed 

analysis, detain the post-peak runoff rate to below the predevelopment peak runoff rate 

non-explicitly as a result of meeting the established discharge requirements for the 2-year 

storm.  Also, although the Traditional with Water Quality and FSD strategy do not 

explicitly address the 1-year storm, each require an extended drawdown of an initial 

volume of runoff that perhaps unintentionally results in the post-development peak runoff 

rate being detained to below the predevelopment level. 

 
Table 4.2 Comparison of percent differences in peak runoff rates when compared to predevelopment 
peak runoff rates.  

% difference compared to 
predevelopment peak runoff rate per 

design storm* Management Strategy 

1-year 2-year 10-year 25-year 
Traditional +37 -7 -5 +20 
Traditional w/ WQ -22 -12 -3 +11 
Unit Release rate -41 -62 -8 -19 
Stratified +24 -17 -9 -16 
Low Impact Development -68 -36 -4 +11 
Full Spectrum Detention -93 -85 -23 -6 
Volumetric Design 
Procedure -29 -53 -30 -40 

* Based on an average from all applicable areas.  

 

 Each management strategy also results in varied delays to the peak of the runoff 

hydrograph in the post-developed condition.  It is observed in Table 4.3 that the most 

significant delays to peak runoff rate occur for smaller storms (1- and 2-year) and with 

the LID, URR and FSD strategies. 

 

 The following sections discuss runoff hydrograph characteristics resulting from 

each strategy.  In all cases, runoff hydrographs are provided for the full range of design 

storms (1-, 2- , 10- and 25-year) analyzed with this research, for comparison purposes.  

Table 4.2 provides a summary of peak runoff rate comparisons to the predevelopment 

peak runoff rates.  This Table and the characteristics described in this section will be 

referenced in later sections when examining results for the overall watershed. 
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Table 4.3 Average minutes that the post-development peak occurs after the predevelopment peak for 
each management strategy.  Recall 3 minute time steps were used for model routing. 

Post-development peak runoff rate delay after 
predevelopment peak (minutes) Management Strategy 

1-year 2-year 10-year 25-year 
Traditional 5 7 4 0 

Traditional w/ WQ 15 9 4 0 
LID 66 21 9 6 

URR 89 21 6 2 
Stratified 6 8 5 3 

FSD 163 123 8 3 
VDP 14 24 7 7 

  

  

4.1.2.1 Traditional 
 The Traditional strategy requires the post-peak runoff rate to be maintained below 

the pre-peak runoff rate for the 2- and 10-year design storms.  The following 

characteristics are observed from the traditional strategy hydrographs: 

A. Post-development peak runoff rates are maintained to below the predevelopment 

peak runoff rates for the 2- and 10-year design storms, per strategy design 

requirements. 

B. Predevelopment peak runoff rates are not maintained for design storms outside 

the range of the required as part of the design strategy (the 1- and 25-year design 

storms).  This is found to be the case for all applicable areas.   

C. Runoff begins sooner with the post-development condition in all cases. 

D. Post-development condition results in longer duration of higher flows when 

compared to predevelopment. 

E. The post-development peak occurs slightly after the predevelopment peak in all 

cases, with the exception of the 25-year design storm that has no delay. 

4.1.2.2 Traditional with Water Quality Component 
 The Traditional with Water Quality strategy requires the post-peak runoff rate to 

be maintained below the pre-peak runoff rate for the 2- and 10-year design storms.  In 

addition, the strategy requires the 30-hour drawdown of the water quality volume.  The 

following characteristics are observed from the Traditional with Water Quality strategy 

hydrographs: 
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A. Post-development peak runoff rates are maintained to below the predevelopment 

peak runoff rates for the 2- and 10-year design storms, per strategy design 

requirements.  Also, as a result of the water quality volume drawdown 

requirement, the 1-year post-development peak runoff rate is also detained to 

below the predevelopment peak runoff rate. 

B. The predevelopment peak runoff rate is not maintained for the 25-year design 

storm.  This is the case for all applicable areas.   

C. Measurable runoff begins later with the post-development condition in all cases.  

The ascending limb of the hydrograph is more vertical as the initial water quality 

volume is detained for the extended drawdown. 

D. Post-development condition results in longer duration of higher flows when 

compared to predevelopment. 

E. The post-development peak occurs slightly after the predevelopment peak for the 

2- and 10-year design storms.  A delay is more significant with the 1-year storm 

and the 25-year design storm that has no delay.   

 

4.1.2.3 Unit Release Rates 
 The Unit Release Rate strategy requires the post-peak runoff rates to be 

maintained below release rates generated from the established unit release rate (cfs/acre) 

for the 2- and 25-year design storms.  The following characteristics are observed from the 

Unit Release Rates strategy hydrographs: 

A. Post-development peak runoff rates are maintained to below the predevelopment 

peak runoff rates for the full range of design storms with the exception of the 10-

year storm from applicable area A. 

B. Post-development condition results in longer duration of higher flows when 

compared to predevelopment.  Lower flows subject to only the 2-year orifice are 

extended significantly longer when compared to the predevelopment condition. 

C. The 2-year post-development peak is detained below the 1-year predevelopment 

peak runoff rate in all cases.  In many cases, the 25-year post-development peak is 

detained below the 10-year predevelopment peak runoff rate.      
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D. The post-development peak occurs slightly after the predevelopment peak for the 

10- and 25-year design storms.  A delay is more significant with the smaller 

storms (1- and 2-year). 

4.1.2.4 Stratified Release Rates 
 The Stratified Release Rate strategy requires the post-peak runoff rates to be 

maintained below allowable release rates generated from those established based on a 

watershed analysis that considered sub-basin contribution to the point of interest in the 

watershed for the 2-, 10- and 25-year design storms.  The following characteristics are 

observed from the Stratified Release Rate strategy hydrographs: 

A. Post-development peak runoff rates are maintained to below the predevelopment 

peak runoff rates for the 2-, 10- and 25-year design storms 

B. Predevelopment peak runoff rates are not maintained for the 1-year design storm 

with the exception of applicable area C.   

C. Runoff begins sooner with the post-development condition in all cases. 

D. Post-development condition results in longer duration of higher flows when 

compared to predevelopment.  Hydrograph receding limb shape is similar to the 

traditional strategy. 

E. The post-development peak occurs slightly after the predevelopment peak in all 

cases. 

4.1.2.5 Low Impact Development 
 The Low Impact Development strategy requires the post-peak runoff rate to be 

maintained below the pre-peak runoff rate for the 2- and 10-year design storms.  In 

addition, the strategy requires the design to maintain the runoff hydrograph using a 

variety of design strategies to maintain the predevelopment hydrograph for the LID 

storm.  For the purpose of model representation, the LID storm was determined to be the 

1-year design storm.  Retention was provided to maintain the LID design storm 

hydrograph volume, which also detained the peak to below the predevelopment peak in 

all cases.  The time of concentrations in each applicable area is also maintained to the 

predevelopment condition.  The following characteristics are observed from the Low 

Impact Development strategy hydrographs: 
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A. Post-development peak runoff rates are maintained to below the predevelopment 

peak runoff rates for the 1-, 2- and 10-year design storms.  The peak for the 

smaller storms (1- and 2-year) is reduced to well below the predevelopment 

condition. 

B. Predevelopment peak runoff rates are not maintained for the 25-year design storm 

with the exception of applicable area A.   

C. Runoff begins later with the post-development condition in all cases.  The 

ascending limb of the hydrograph is nearly vertical as the initial volume is 

retained on-site.  With the smaller storms (1- and 2-year), runoff begins after the 

predevelopment peak. 

D. Post-development condition results in longer duration of higher flows when 

compared to predevelopment.  However, durations and magnitude of flows are 

not as pronounced on the receding limb as compared to other strategies due to the 

retained volume. 

E. The post-development peak occurs slightly after the predevelopment peak for the 

10- and 25-year design storms.  A delay is more significant with the smaller 

storms (1- and 2-year). 

4.1.2.6 Full Spectrum Detention 
 The Full Spectrum Detention strategy requires the post-peak runoff rate to be 

maintained below the pre-peak runoff rate for the 10- and 25-year design storms.  In 

addition, the strategy requires the 72-hour drawdown of the excess urban runoff volume 

(EURV) plus 10%.  The following characteristics are observed from the Full Spectrum 

Detention strategy hydrographs: 

A. Post-development peak runoff rates are maintained to below the predevelopment 

peak runoff rates for the full range of design storms.  Also, resulting from the 

extended drawdown of the EURV plus 10%, the smaller storms (1- and 2-year) 

are practically removed from the post-development runoff.   

B. Similar to the LID strategy, runoff begins later with the post-development 

condition in all cases.  With the smaller storms (1- and 2-year), runoff begins after 

the predevelopment peak. 
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C. Receding limbs for the smaller storms (1- and 2-year) are very low flow and 

drawn out for a duration well beyond the predevelopment peaks.  The receding 

limb for post-development condition for larger storms results in longer duration of 

higher flows when compared to predevelopment.  The receding limb for these 

larger storms is similar to the magnitude and shape of the Traditional strategy.   

D. The post-development peak occurs significantly after the predevelopment peak 

for the 1- and 2-year design storms.  A small delay occurs with the 10-year storm 

and the 25-year design storms.   

4.1.2.7 Volumetric Design Procedure 
 The Volumetric Design Procedure strategy requires the post-development runoff 

volume to be maintained below the predevelopment runoff volume for the critical time 

period for the 2- and 25-year design storms.  The following characteristics are observed 

from the Volumetric Design Procedure strategy hydrographs: 

A. Post-development peak runoff rates are maintained to below the predevelopment 

peak runoff rates for the full range of design storms. 

B. The 25-year post-development peak runoff rate is detained below the 10-year 

predevelopment peak runoff rate in all cases.  With the exception of applicable 

area D, the 2-year post-development peak runoff rate is detained below the 1-year 

predevelopment peak runoff rate. 

C. Post-development condition results in longer duration of higher flows when 

compared to predevelopment.  Lower flows subject to only the 2-year orifice are 

extended significantly longer when compared to the predevelopment runoff 

hydrographs.  Shape of the receding limb is similar to the unit release rate. 

D. The post-development peak occurs slightly after the predevelopment peak for the 

10- and 25-year design storms.  A delay is more significant with the smaller 

storms (1- and 2-year). 

 

4.2 Watershed Runoff Characteristics 

 Recall the point of interest (POI) as the point furthest downstream within the 

subject watershed.  Runoff hydrographs resulting from the implementation of each 
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alternative management strategy within the watershed are compared for each design 

storm (Appendix Q).  Table 4.4 provides a summary of peak runoff rates, along with the 

percent difference compared to the peak runoff rates for the baseline condition simulation 

described in Section 3.2.3.  Also included for comparison purposes are the results for the 

existing and existing with no detention simulations, also described in Section 3.2.3.       

 
Table 4.4 Summary of peak runoff rates at the watershed outfall based for the alternative strategies.  
Results are compared to the baseline values established in Section 3.2.3.  Highlighted values indicate 
where the resulting peak runoff rate is less than the baseline peak runoff rate.  

1-year 2-year 10-year 25-year Management 
Strategy Outflow 

(cfs) 
% 

diff.  
Outflow 

(cfs) 
% 

diff.  
Outflow 

(cfs) 
% 

diff.  
Outflow 

(cfs) 
% 

diff.  

Traditional 170 8.2 276 9.3 495 -1.1 735 1.9 

Traditional w/ 
WQ 162 2.8 241 -4.3 491 -1.9 735 1.9 

LID 144 -8.6 249 -1.1 478 -4.5 739 2.5 

URR 161 2.1 267 6.0 491 -2.1 698 -3.2 

Stratified 178 13.1 281 11.6 511 2.1 669 -7.2 

FSD 161 2.3 256 1.7 471 -5.9 678 -5.9 

VDP 176 11.6 259 2.6 484 -3.4 665 -7.7 

No 
Management 198 25.2 350 38.9 567 13.3 744 3.1 

Existing* 187 18.4 285 13.2 527 5.3 706 -2.1 

Baseline  158 0.0 252 0.0 501 0.0 721 0.0 

* Based on existing conditions within the watershed.  Management would have been based on the 
traditional strategy.  However, predevelopment conditions for the applicable areas would have 
varied based on the designer's analysis as opposed to the assumed, consistent predevelopment 
condition used for the purpose of this research. 

 

 Table 4.4 demonstrates that maintaining the predevelopment peak runoff rate at 

the outfall of the watershed does not occur in most cases.  No strategy achieves this goal 

for the full range of design storms.  Results show there to be more success with 

maintaining the peak runoff rate to the below the target rate with the larger design storms 

(10- and 25-year) for most strategies.  Only the LID strategy meets the watershed 

baseline target for the 1-year design storm.  And only the LID and traditional with Water 

Quality strategies achieved the baseline goal for the 2-year design storm.  It should also 
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be noted that the URR unit release rate could be further reduced to at least meet the goal 

for the 2-year design storm.  For the purpose of this research the unit release rates were 

developed by selecting a rounded release rate that most closely met the baseline target.     

 

 The following sections discuss the characteristics of the overall watershed that 

potentially affect the response seen with the implementation of the alternative 

management strategies.  Each strategy is then considered individually in context with the 

results provided in Table 4.4. 

4.2.1 Watershed characteristics 

 The subject watershed model used with this research is characterized as an 

urbanized area that has been mostly developed for many years, well prior to stormwater 

management regulation for development.  This is typical across the country considering 

stormwater management regulation is relatively recent compared to the settlement of 

cities and towns.  Development inherently increases runoff volumes and peak runoff 

rates.  Although stormwater management can be designed to maintain predevelopment 

runoff rates at the site outfall, increases in runoff volumes as they convey throughout the 

watershed converge to cause increase in peak rates downstream, as previously described.  

As would be typical of the urban watersheds described above, there are aspects of these 

watersheds that may affect the downstream condition and may or may not alter the effects 

of a stormwater management strategy applied to development within the watershed.  The 

following sub-sections discuss those components applicable to the subject watershed so 

that they may be considered when evaluating the results presented with this research. 

 

4.2.1.1 Applicable Areas 
 Recall that an applicable area is defined for the purpose of this research as an area 

subject to stormwater management.  As visually depicted in Appendix G, applicable areas 

only amount to a portion of the overall watershed.  The total area contained within these 

applicable areas sums to 88.55 acres, approximately 23% of the subject watershed.  Some 

previous studies that evaluate stormwater management at the watershed scale consider 

that all sub-basins are subjected to the management strategy.  However, it is suggested 
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that, except with newly developing watersheds, this may not be an accurate depiction for 

making this evaluation.  Even then, scale of sub-basins should be carefully considered.  

Considering management strategies with management only applied to a coverage level 

that may be more practical could serve to determine the best strategy for evaluating 

effects at a point of interest downstream.    

4.2.1.2 Critical locations 
 The critical location for the purpose of this research is the outfall of the subject 

watershed.  The selection of this location is due to flooding issues immediately 

downstream.  Results provide insight into what management strategy may provide for the 

best protection against flooding generated from the subject watershed.  However, a 

watershed characteristic that it is suggested is typical of the urbanized watershed is the 

presence of regional stormwater facilities.  These facilities are typically located and 

installed to mitigate for downstream issues caused by the increases in runoff associated 

with upstream development, often older development not provided stormwater 

management.  These ponds typically handle flows from large drainage areas that include 

a significant portion of a watershed.  It is typically not feasible to construct a pond 

treating large areas to meet specific site stormwater management requirements.  Instead 

they are designed to provide the maximum detention possible based on available storage.  

The subject watershed includes two regional facilities (see Appendix G for location): 

• Owens Park facility: This facility accepts flows from approximately 180 acres of 

the subject watershed (±46%).  Three of the nine applicable areas are upstream of 

the Owens park facility.  For the following reasons, it does not appear that the 

Owens pond would have a significant effect on comparison of watershed runoff 

characteristics produced by each strategy representation: 

o Considering the amount of flow through the pond and the minimum 

variations in the hydraulic grade line (HGL) within the pond for the 

management strategies (see Table 4.5), difference in flows released from 

the pond would be inconsequential. 

o A 30' weir with a crest elevation at 2094.00 feet and has potential for 

impacting discharge results.  However, there is no case where the weir is 

not activated for the 10- and 25-year storm events.  Therefore, there is not 



 4-13

a dramatic change in the stage-discharge capability of the pond's control 

structure.  For all simulations, the range of the HGL is relatively small. 

   
Table 4.5 Maximum HGL in the Owens Park regional facility with each management 
strategy implemented throughout the watershed.   

Maximum Hydraulic Grade Line in pond Management Strategy 
1-year 2-year 10-year 25-year 

Traditional 2,092.50 2,092.98 2,094.63 2,095.43 
Traditional w/ WQ 2,092.39 2,092.83 2,094.62 2,095.45 
URR 2,092.46 2,092.91 2,094.58 2,095.35 
LID 2,092.37 2,092.82 2,094.52 2,095.38 
Stratified 2,092.51 2,093.01 2,094.62 2,095.37 
FSD 2,092.40 2,092.84 2,094.39 2,095.21 
VDP 2,092.46 2,092.95 2,094.54 2,095.28 
Existing 2,092.54 2,093.01 2,094.64 2,095.38 
No management 2,092.70 2,093.30 2,095.04 2,095.73 

 

• Lower Wong Park facility: This facility accepts flows from approximately 53 

acres of the subject watershed (±13%).  One of the nine applicable areas is 

upstream of the Wong Park facility.  Similar to the Wong facility, it is noted from 

Table 4.6 that small variations occur with the HGL between all of the 

management strategy simulations.  However, a 36" riser structure with the crest 

set at 2077.8 feet and a 30' weir with a crest set at elevation 2078.00 feet have 

potential for impacting discharge results.  Table 4.6 shows that the riser structure 

is activated in all cases with the 2-year storm, although barely with the FSD 

strategy implemented in the watershed.  The No Management, Traditional, 

Stratified and Existing Conditions scenarios do activate the 30' weir with the 2-

year storm while the other strategy scenarios do not.  However, in each case, the 

weir is barely activated (≤ 0.05 feet).  Review of the stage-discharge curve 

(Figure 4.1) indicates the small rise in the HGL would result in minimal change in 

discharge.  Therefore, similar to the Wong facility, the amount of flow through 

the pond and the minimum variations in the hydraulic grade line (HGL) within the 

pond for the management strategies result in minimal differences in flows 

released from the pond and could be inconsequential.   
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Table 4.6 Maximum HGL in the Lower Wong Park regional facility with each management 
strategy implemented throughout the watershed.   

Maximum Hydraulic Grade Line in pond Management Strategy 
1-year 2-year 10-year 25-year 

Traditional 2,077.45 2,078.05 2,078.39 2,078.59 
Traditional w/ WQ 2,077.14 2,077.98 2,078.36 2,078.59 
URR 2,077.17 2,077.93 2,078.35 2,078.54 
LID 2,076.88 2,077.89 2,078.35 2,078.57 
Stratified 2,077.44 2,078.03 2,078.38 2,078.60 
FSD 2,076.91 2,077.81 2,078.35 2,078.57 
VDP 2,077.21 2,077.96 2,078.35 2,078.52 
Existing 2,077.47 2,078.04 2,078.40 2,078.50 
No management 2,077.50 2,078.05 2,078.47 2,078.59 

 

 The discussion above is not intended to suggest that regional facilities do not 

impact the peak runoff rate at the watershed point of interest, but is only intended to 

illustrate that their effect does not prohibit a reasonable comparison of results between 

strategies evaluated in this research.  In fact, the opposite appears to be true when 

considering the results of the Stratified strategy release rate generation which resulted in 

only those applicable areas subjected to regional facilities downstream to release 100% of 

the predevelopment peak runoff rate. 
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Figure 4.1 Stage-discharge curve for the Lower Wong park regional facility. 
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4.2.1.3 Runoff Response Timing 
 The occurrence of the peak runoff rate will occur sooner with a developed 

condition, as opposed to an undeveloped condition due to the increased velocities 

associated with impervious cover and channelized flows.  For establishing the baseline 

targets for this research, the storm sewer system throughout the watershed is maintained 

except for within applicable areas.  This characteristic would remain constant in an 

urbanized watershed despite the management strategy implemented.  Therefore, peak 

timing considerations for the purpose of this research focus on the time of peak runoff 

generated from the applicable areas and the effects that may be seen downstream.   This 

is further discussed for each management strategy in the next section. 

4.2.2 Strategy correlation at a watershed scale 

 The observed characteristics in Section 4.1 for each of the management strategy's 

hydrograph from the applicable areas are considered as to how they influence the 

resulting hydrograph at the watershed outfall.  The watershed characteristics are also 

considered in context with each strategy to evaluate: 

• the potential influence of area subjected to stormwater management and  

• the effects of regional facilities. 

4.2.2.1 Traditional 
 A review of Table 4.7 shows that the Traditional strategy exceeds the baseline 

goal for the 1-, 2- and 25-year design storms.  The strategy does meet the baseline goal 

for the 10-year design storm.  Recall the design focus for the traditional strategy is peak 

reduction to the site predevelopment level for the 2- and 10-year design storms.  This 

approach inherently disregards storm events outside of this range and can explain why 

the baseline target is not met for the 1- and 25-year design storms.  This is further 

supported when referencing Table 4.2 that shows peak flows discharged at the site outfall 

greatly exceed the predevelopment peak from the site for these design storms.  However, 

it is noted that the 2-year baseline is exceeded at the watershed outfall even with this 

predevelopment baseline met at the site outfall.   
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Table 4.7 Summary of peak runoff rates at the watershed outfall for the Traditional strategy.  
Results are compared to the baseline values established in Section 3.2.3.   

1-year 2-year 10-year 25-year Management 
Strategy Outflow 

(cfs) % diff. Outflow 
(cfs) 

% 
diff. 

Outflow 
(cfs) 

% 
diff. 

Outflow 
(cfs) % diff. 

Traditional 170.25 8.2 275.6 9.3 495.2 -1.1 734.87 1.9 
Baseline 157.72 N/A 252.05 N/A 500.69 N/A 721.00 N/A 

 

 This phenomenon is explained by the summation of many flat, longer duration 

hydrographs downstream within the watershed, as previously discussed in Chapters 1 and 

2.  From Table 4.3 it is found that the post-development peak runoff rates have a minimal 

delay in regards to time to peak rate occurrence.  It is suggested that this coupled with the 

fact that the post-development peak runoff rates are maintained just below the 

predevelopment condition (see hydrographs - Appendix J) supports the phenomenon 

described above in that high flows are present downstream near the same time as 

discharge from other facilities in the watershed, since there is no lag in the discharge 

from the site.     

 

4.2.2.2 Traditional with Water Quality Component  
 A review of Table 4.8 shows that the Traditional with Water Quality Component 

strategy exceeds the baseline goal for the 1- and 25-year design storms.  The strategy 

does meet the baseline goal for the 2- and 10-year design storm.  Recall the design focus 

for the Traditional with Water Quality strategy is peak reduction to the site 

predevelopment level for the 2- and 10-year design storms and a 30-hour drawdown of 

the water quality volume.  This approach inherently disregards the 1- and 25-year storm 

event which can explain why these baseline targets are not met.   

 
Table 4.8 Summary of peak runoff rates at the watershed outfall for the Traditional with a Water 
Quality component strategy.  Results are compared to the baseline values established in Section 3.2.3.   

1-year 2-year 10-year 25-year Management 
Strategy Outflow 

(cfs) % diff. Outflow 
(cfs) 

% 
diff. 

Outflow 
(cfs) % diff. Outflow 

(cfs) % diff.

Traditional w/ WQ 162.18 2.8 241.12 -4.3 491.24 -1.9 735.1 1.9 
Baseline 157.72 0 252.05 0 500.69 0 721 0 

 

 With the addition of the drawdown requirement for the water quality volume, it is 

noted that the percent difference of peak runoff rate compared to the baseline between the 
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Traditional and Traditional with Water Quality is reduced from 8.2% to 2.8%.  From 

review of the runoff hydrographs in Appendix K, it is observed that the volume initially 

captured for the drawdown requirement results in this initial volume essentially being 

removed from runoff hydrographs.  This prevents this volume from contributing to the 

peak runoff rate from the site.  However, this volume "reduction" is not sufficient to meet 

the watershed baseline goal for the 1-year storm even though it results in a post-

development peak runoff rate well below the predevelopment peak rate at the site scale 

(refer to Table 4.2).  It is also inconsequential in regards to the 25-year storm for 

maintaining the predevelopment peak for this storm at the site scale (Table 4.2).  This is 

because the water quality volume is small compared to the 25-year design storm.  Peaks 

from this storm are still significant enough to prevent the strategy from meeting the 

watershed baseline.   

 

 Interestingly, the addition of the drawdown volume does result in the strategy 

meeting the 2-year watershed baseline goal.  This result looks to be explained by the 

additional reduction in peak runoff rate at the site scale that results, on average, as a result 

of the drawdown requirement (reference Table 4.2).  It does not appear that timing of 

runoff at the site scale is a factor since the peak runoff rate delay is nearly equal to the 

Traditional strategy (reference Table 4.3).  In the case of this strategy, it appears that the 

reduction of peak flows from the site scale is enough to reduce the summation of 

hydrographs downstream for the 2-year storm.        

 

4.2.2.3 Unit Release Rate 
 A review of Table 4.9 shows that the Unit Release Rate strategy exceeds the 

baseline goal for the 1- and 2-year design storms.  The strategy does meet the baseline 

goal for the 10- and 25-year design storm.  Recall the design focus for the URR strategy 

is based on a watershed analysis intended to maintain the peak at the watershed outfall to 

the predevelopment level for the 2- and 25-year design storms.  This approach inherently 

disregards the 1- and 10-year storm event which can explain why the 1-year baseline goal 

is not met.  However, design criteria ranging between the 2- and 25-year design storms 

perhaps inadvertently provides the ability to meet the 10-year watershed baseline and 
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maintains post-development peak runoff rate to below predevelopment peak rates at the 

site scale (reference Table 4.2).   

 
Table 4.9 Summary of peak runoff rates at the watershed outfall for the Unit Release Rate strategy.  
Results are compared to the baseline values established in Section 3.2.3.   

1-year 2-year 10-year 25-year 
Management 

Strategy 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
URR 161.08 2.1 267.22 6 490.69 -2.1 697.98 -3.2 

Baseline  157.72 0 252.05 0 500.69 0 721 0 
 
 
 Despite the results in Table 4.4, this strategy could also be modified to meet the 

watershed baseline goal for the 2-year design storm.  This would result in a lower unit 

release rate requirement for the 2-year storm and since the baseline is only exceeded by 

2.1% for the 1-year storm, it is reasonable to assume that the baseline target could be met 

with all design storms with this strategy.  However, the watershed analysis performed to 

establish the unit release rates only considered detention of flows within the applicable 

areas.  Unless the goal is to retrofit existing facilities within an already built-out urban 

watershed, in practice, it would be difficult to perform this type of analysis in a non-

urban watershed since location and extent of future development subject to stormwater 

management is not known.   

 

 From Table 4.2, it is observed that this strategy resulted in significant reduction of 

post-development peak runoff rates well below the predevelopment peak rates at the site 

scale.  The greatest reductions are with the 1- and 2-year design storms (41 and 62% 

lower than pre-peaks, respectively).  However, even with these significant reductions in 

peak runoff rates, the baseline targets for the watershed are not met with these two design 

storms.  It is also noted from Table 4.3 that significant delay in peak flow also occurs at 

the site scale for this strategy.  Referencing the site discharge hydrographs in Appendix 

L, it is observed that this strategy results in a hydrographs that indicates high flows for an 

extended period of time past the predevelopment peak along the receding limb.  So 

although peaks are detained to well below predevelopment levels, these peaks last for an 

extended duration.  It appears these peaks are high enough that as they are summed 

downstream, the summation is significant enough to prevent the baseline targets from 
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being met with the smaller storms (1- and 2-year).  The longer, drawn out flows along the 

receding limb appear to be most significant when the 2-year stage discharge is the only 

active discharge orifice.  This could explain why the same occurrence does not happen in 

causing the larger storms not to meet the baseline objective.  

 

 The design requirements to meet the 2-year unit release rate inherently result in an 

extended drawdown of the 2-year design storm.  Although this results in a significant 

peak reduction and peak delay at the site scale (Table 4.2 and 4.3), the benefit appears to 

be lost at the watershed scale.  Considering the storage needed to detain these flows, this 

suggest that detention only to meet the objective may not be feasible for smaller storm 

events, especially when managed areas only make up a portion of the watershed. 

 

4.2.2.4 Stratified Release Rates 
 A review of Table 4.10 shows that the Stratified Release Rate strategy exceeds the 

baseline goal for the 1- , 2- and 10-year design storms.  The strategy does meet the 

baseline goal for the 25-year design storm.  Recall the design focus for the Stratified 

Release Rate strategy is based on a watershed analysis that considers the flows 

contributing to the watershed outfall from sub-basins within the watershed.  An allowable 

release rate is assigned based on the sub-basins contribution at the watershed POI for the 

2-, 10- and 25-year design storms.  This approach inherently disregards the 1-year storm 

event which can explain why the 1-year baseline goal is not met.  This is further 

supported when reviewing Table 4.2 that shows the post-development peak runoff rate at 

the site scale exceeds the predevelopment rate by 24% for the 1-year storm. 

 
Table 4.10 Summary of peak runoff rates at the watershed outfall for the Stratified Rate strategy.  
Results are compared to the baseline values established in Section 3.2.3.   

 1-year 2-year 10-year 25-year 
Management 

Strategy 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Stratified 178.39 13.1 281.36 11.6 511.16 2.1 669.05 -7.2 
Baseline 157.72 0 252.05 0 500.69 0 721 0 

 

   The inability to meet the watershed objective for the 1-, 2- and 10-year design 

storms appears to be similar to the explanation for the Traditional strategy not meeting 
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the baseline for specific storm events.  Referring to the site runoff hydrographs for the 

Stratified strategy in Appendix M, it is observed that the general shape of the runoff 

hydrographs is similar to the Traditional strategy hydrographs.  It is similarly found from 

Table 4.3 that the post-development peak runoff rates have a minimal delay in regards to 

time to peak rate occurrence.  Although post-development peaks are reduced to below 

pre-development peaks at the site scale, the phenomenon of the summation of longer 

durations high flows downstream appears to occur within the watershed with the 

Stratified Release Rate strategy.     

 
 The watershed analysis performed to establish allowable release rates for sub-

basins only considered the flows contributing from applicable areas.  The Stratified 

strategy would typically develop a release rate map that dictates the allowable discharge 

for development in all sub-basins to meet a watershed baseline goal.  Similar to the URR 

strategy that also required a watershed analysis, it is suggested that it would be difficult to 

meet the watershed goal in practice in an urbanized watershed since location and extent 

of future development subject to stormwater management is not known.   

4.2.2.5 Low Impact Development 
 A review of Table 4.11 shows that the Low Impact Development strategy exceeds 

the baseline goal for the 25-year design storm.  The strategy meets the baseline goal for 

the 1-, 2- and 10-year design storms.  Recall the design focus for the LID strategy is peak 

reduction to the predevelopment level for the 2- and 10-year design storms.  The strategy 

also requires maintaining the predevelopment peak and volume for the LID storm 

(determined to be 1-year design storm with this research).  This approach inherently 

disregards the 25-year storm event which can explain why the 25-year watershed baseline 

goal is not met.  This is further supported when reviewing Table 4.2 that shows the post-

development peak runoff rate at the site scale exceeds the predevelopment rate by 11% 

for the 25-year storm. 
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Table 4.11 Summary of peak runoff rates at the watershed outfall for the Low Impact Development 
strategy.  Results are compared to the baseline values established in Section 3.2.3.   

1-year 2-year 10-year 25-year Management 
Strategy Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
LID 144.17 -8.6 249.33 -1.1 478.39 -4.5 739.05 2.5 

Baseline 157.72 0 252.05 0 500.69 0 721 0 
 

 

 This strategy's ability to meet the baseline target for the 1-year design storm is not 

surprising since the post-development runoff volume exceeding the predevelopment 

runoff volume for the 1-year design storm is retained on-site.  Similar to the Traditional 

with Water Quality strategy, from a review of the runoff hydrographs in Appendix N, it is 

observed that the volume initially captured for the retention of volume exceeding the 

predevelopment volume for the 1-year storm results in this initial volume being removed 

from runoff hydrographs.  This prevents this volume from contributing to the peak runoff 

rate from the site.  However, unlike the Traditional with Water Quality strategy, this 

volume does appear to be significant enough to reduce peak flows and durations of those 

high flows enough to meet the baseline goals for the 1-, 2- and 10-year design storms.  

The reduction is not enough to meet the 25-year watershed baseline goal since the 

volume retained is small compared to the 25-year design storm's runoff volume.  This 

again is further supported in Table 4.2 that shows peak runoff rate for the site discharge 

averages 11% higher than the predevelopment condition.   

 

4.2.2.6 Full Spectrum Detention 
 A review of Table 4.12 shows that the Full Spectrum Detention strategy exceeds 

the baseline goal for the 1- and 2-year design storms.  The strategy does meet the baseline 

goal for the 10- and 25-year design storm.  Recall the design focus for the Full Spectrum 

Detention strategy is peak reduction to the predevelopment level for the 2- and 25-year 

design storms and a 72-hour drawdown of the EURV + 10%.  This approach inherently 

disregards the 1- and 10-year storm event which can explain why these baseline targets 

are not met.  However, a design criteria range between the 2- and 25-year design storms 

inadvertently provides the ability to meet the 10-year watershed baseline and maintains 
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post-development peak runoff rate to below predevelopment peak rates at the site scale 

for all design storms (reference Table 4.2).     

 
Table 4.12 Summary of peak runoff rates at the watershed outfall for the Full Spectrum Detention 
strategy.  Results are compared to the baseline values established in Section 3.2.3.   

1-year 2-year 10-year 25-year Management 
Strategy Outflow 

(cfs) % diff. Outflow 
(cfs) 

% 
diff. 

Outflow 
(cfs) % diff. Outflow 

(cfs) % diff.

FSD 161.33 2.3 256.27 1.7 471.06 -5.9 678.16 -5.9 
Baseline 157.72 0 252.05 0 500.69 0 721 0 

 
 
 A review of the site runoff hydrographs for this strategy in Appendix O reveals 

that the 72-hour drawdown of the EURV + 10% results in runoff hydrographs for the 1- 

and 2-year post-development storms that are virtually non-existent.  Interestingly though, 

the baseline target is not met for these two storms.  With this, it appears that the portions 

of the watershed not subjected to stormwater management are the flows that play the 

significant role for generation of the peak runoff rates at the watershed outfall.  This 

supports the previous suggestion from Section 4.2.2.3 that the use of detention only to 

meet the baseline objective may not be feasible for smaller storm events, especially when 

managed areas only make up a portion of the watershed.  However, the reduction in 

volume from the 72-hour drawdown does appear to remove enough volume from the 

peak of the runoff hydrograph to meet the watershed goals for the larger storm events 

(10- and 25-year). 

 

4.2.2.7 Volumetric Design Procedure 
 A review of Table 4.13 shows that the Volumetric Design Procedure strategy 

exceeds the baseline goal for the 1- and 2-year design storms.  The strategy meets the 

baseline goal for the 10- and 25-year design storms.  Recall the design focus for the 

Volumetric Design Procedure strategy is based on a watershed analysis that requires post-

development runoff volume be maintained to the predevelopment volume for the critical 

time period for the 2- and 25-year design storms.  This approach inherently disregards the 

1- and 10-year storm event which can explain why the 1-year baseline goal is not met.  

However, a design criteria range between the 2- and 25-year design storms inadvertently 
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provides the ability to meet the 10-year watershed baseline and maintains post-

development peak runoff rate to below predevelopment peak rates at the site scale for this 

storm (reference Table 4.2).     

 
Table 4.13 Summary of peak runoff rates at the watershed outfall for the Volumetric Design 
Procedure strategy.  Results are compared to the baseline values established in Section 3.2.3.   

 1-year 2-year 10-year 25-year 
Management 

Strategy 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
Outflow 

(cfs) 
% 

diff. 
VDP 176.00 11.6 258.64 2.6 484.08 -3.4 665.37 -7.7 

Baseline 157.72 0 252.05 0 500.69 0 721 0 
 
 
 From Table 4.2, it is observed that this strategy resulted in significant reduction of 

post-development peak runoff rates well below the predevelopment peak rates at the site 

scale.  The reductions with the 1- and 2-year design storms are 29 and 53% lower than 

pre-peaks, respectively.  However, even with these significant reductions in peak runoff 

rates, the baseline targets for the watershed are not met for these two design storms.  It is 

also noted from Table 4.3 that significant delay in peak flow also occurs at the site scale 

for this strategy for the 1- and 2-year design storms.  Referencing the site discharge 

hydrographs in Appendix P, it is observed that this strategy results in a hydrographs that 

indicates high flows for an extended period of time past the predevelopment peak along 

the receding limb.  So similar to the URR strategy, although peaks are detained to well 

below predevelopment levels, these peaks last for an extended duration.  It appears these 

peaks are high enough that as they are summed downstream.  The summation is 

significant enough to prevent the baseline targets from being met with the smaller storms 

(1- and 2-year).  Also similar to the URR hydrographs, the longer and more drawn out 

flows along the receding limb appear to be most significant when the 2-year stage 

discharge is the only active discharge orifice.  Again, similar to the URR, this could 

explain why the same occurrence does not happen in causing the larger storms not to 

meet the baseline objective. 
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4.2.2.8 Supplementary Model Scenarios 
 In addition to model simulations that implemented each of the management 

strategies evaluated in this research within the subject watershed, the following 

simulations, as described in more detail in Section 3.2.3, are provided for comparison 

purposes: 

• Existing conditions scenario - Represents the conditions as they exist in the 

subject watershed based on field survey and as-built record drawings.  All 

stormwater management in the watershed would have been subject to the 

Traditional strategy at the time of development. 

• No management - Represents the existing condition of the subject watershed with 

all stormwater management facilities removed.  

 
 A review of Table 4.4 shows that the Existing Conditions scenario exceeds the 

baseline goal for the 1-, 2- and 10-year design storms.  The strategy meets the baseline 

goal for the 25-year design storm.  It is not practical to compare this model simulation to 

the baseline goals since it is unknown what predevelopment condition was considered for 

each applicable area.  However, if the goal of stormwater management is to meet a 

downstream objective, it is suggested that a uniform predevelopment condition should be 

applied for development within the watershed.  Support for this suggestion can be gained 

by observing the watershed outfall hydrographs in Appendix Q.  The hydrographs show 

the existing condition peak runoff rate to exceed the peak rate of all other the other 

modeled scenarios, except for the No Management scenario for the 1-, 2- and 10-year 

design storm.       

 
 Results in Table 4.4 for the No Management scenario are as would be expected in 

that peak runoff rate exceeds the peak runoff rates generated by all other scenarios with 

the exception of the Traditional with Water Quality strategy for the 25-year storm.  In 

fact the peak runoff rate for the 25-year storm is comparable to the three strategies that do 

not have specific design requirements for the 25-year storm: Traditional, traditional with 

Water Quality and LID.  Also, considering the significantly higher peak runoff rates with 

smaller storms (1- and 2-year), when compared to all of the other strategy results, it is 
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clear that the implementation of stormwater management does mitigate for increases in 

peak runoff rates downstream to some extent. 

 

4.2.3 Other considerations 

 The previous sections in this chapter have focused on the runoff characteristics at 

a site and watershed scale.  However, the implications of implementing the management 

strategies should also be considered.  This section highlights the general implications so 

that they may be considered as part of a tailored stormwater management strategy in the 

next Chapter. 

 

4.2.3.1 Volume requirements at the site scale 
 Depending on the management strategy, specific design requirement must be 

implemented to meet the strategy's objectives.  For all of the strategies presented in this 

research, a detention facility would typically be used and a discharge control structure 

design to allow only the allowable discharge per the management strategy specifications 

for specified design storms.  The exception is the LID strategy which would also required 

the retention of a specified volume on site.  

 

 Table 4.14 provides a summary of volumes required in the stormwater 

management facility at each applicable area for each management strategy to meet the 

strategies design specifications.  Table 4.15 summarizes these values as a percent of the 

volume required compared to the Traditional strategy that required the least amount of 

storage volume in all cases.  Recall that for the LID strategy, retention storage was 

provided to meet the volume reduction requirement associated with the strategy.  

However, even with this, the LID strategy still requires less on-site retention/detention 

storage than the FSD and VDP strategies.  The 72-hour drawdown of the EURV + 10% 

requires significant storage to detain flows that are slowly released over a long duration.  

This long, extended drawdown results in the need for the largest available storage of all 

the strategies.  From review of the control structure information for the VDP (reference 

Appendix P), it appears that the secondary discharge outlet, geared to maintain post-



 4-26

development runoff volumes to below predevelopment volumes during the critical time 

period results in the large storage requirements with this strategy.       

 
Table 4.14 Maximum volume used in management facilities serving each applicable area for each 
management strategy.     

Volume used for the 25-year storm (ft3) Applicable 
Area Traditional Traditional 

w/ WQ LID URR Stratified FSD VDP 

A 83,411 86,228 109,718 95,359 86,228 120,740 110,228
B 14,207 16,380 22,244 17,470 15,082 31,414 25,783 
C 24,140 31,620 35,042 33,043 31,473 41,119 38,700 
D 13,830 16,976 21,112 21,829 15,996 22,993 21,759 
E 28,962 30,032 40,985 41,035 38,414 59,717 52,921 
F 10,548 12,586 13,865 16,495 13,650 17,992 16,356 
G 9,693 11,783 13,822 12,714 11,139 16,754 14,934 
H 8,921 11,779 13,600 12,357 10,857 16,352 15,163 
I 34,726 43,161 46,910 44,988 36,404 45,529 45,512 

  

 Recall from Section 4.2.2.3 that the URR 2-year unit release rate generally results 

in the extended detention of the 2-year design storm.  With this, significant storage is 

required to detain the 2-year volumes.  With this, storage requirements are found to be 

similar to the LID strategy.  The Stratified and Traditional with Water Quality require the 

lowest storage volume, with the exception of the Traditional strategy. 

 
Table 4.15 Percent of volume used in management facilities serving each applicable area for each 
management strategy compared to volume used with the implementation of the Traditional strategy.  
Red = high storage, yellow = mid-range and green = low storage. 

% of volume used compared to volume used with the implementation of the 
Traditional strategy Applicable 

Area 
Traditional Traditional 

w/ WQ LID URR Stratified FSD VDP 

A 100 103 132 114 103 145 132 
B 100 115 157 123 106 221 181 
C 100 131 145 137 130 170 160 
D 100 123 153 158 116 166 157 
E 100 104 142 142 133 206 183 
F 100 119 131 156 129 171 155 
G 100 122 143 131 115 173 154 
H 100 132 152 139 122 183 170 
I 100 124 135 130 105 131 131 

Average 
-> 100 119 143 137 118 174 158 
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 Relative cost estimates are provided in Table 4.16.  These are based on the 

following equations from Brown and Schueler (1997): 

 
780.047.7 VC = , for detention ($)   (4.1) 
760.04.12 VC = , or extended detention ($)  (4.2) 

 

Where V = volume, ft3 

 

Equation 4.1 is used to calculate cost for the Traditional and Stratified strategies and as 

part of the LID cost calculations.  Equation 4.2 is used for the remaining strategies that 

would all result in ponds similar to those defined as extended detention.  In addition to 

Equations 4.1, infiltration is considered with the LID strategy.  Required volume 

reduction is assumed to be addressed with infiltration for the purpose of the cost analysis 

at $2.25/ft3 (EPA, 1999).  A detention cost is also included for peak reduction 

requirements.  Table 4.17 summarizes these costs as a percent of the cost required for 

implementation of the Traditional strategy that resulted in the least cost in all cases.  It is 

noted that the LID strategy resulted in the highest costs as a result of the volume required 

to be removed via infiltration.  Since LID can potentially include a wide variety of BMPs 

to achieve volume reduction, this number could vary greatly as is intended as a relative 

value only. 

 
Table 4.16 Relative capital cost estimates for implementing each strategy at each applicable area. 

Estimated Costs ($)  Applicable 
Area Traditional Traditional

w/ WQ LID URR Stratified FSD VDP 

A 51,508 69,906 139,171 75,463 52,860 90,288 84,249 
B 12,950 19,783 39,653 20,776 18,580 32,452 27,928 
C 19,582 32,613 57,069 33,723 32,498 39,819 38,026 
D 12,681 20,328 35,501 24,609 19,430 25,600 24,549 
E 22,571 31,361 57,810 39,757 37,812 52,876 48,237 
F 10,266 16,193 27,789 19,889 17,224 21,246 19,761 
G 9,611 15,402 27,691 16,318 14,758 20,126 18,441 
H 9,008 15,398 28,682 15,969 14,473 19,758 18,656 
I 26,003 41,313 74,299 42,636 36,299 43,025 43,013 
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Table 4.17 Percent of cost for management facilities serving each applicable area for each 
management strategy compared to cost for the implementation of the Traditional strategy.  Red = 
high cost, yellow = mid-range and green = low cost. 

% of cost compared to cost with the implementation of the Traditional strategy Applicable 
Area Traditional Traditional w/ 

WQ LID URR Stratified FSD VDP 

A 100 136 270 147 103 175 164 
B 100 153 306 160 143 251 216 
C 100 167 291 172 166 203 194 
D 100 160 280 194 153 202 194 
E 100 139 256 176 168 234 214 
F 100 158 271 194 168 207 192 
G 100 160 288 170 154 209 192 
H 100 171 318 177 161 219 207 
I 100 159 286 164 140 165 165 

Average -> 100 156 285 173 150 207 193 
 

4.2.3.2 Implementation constraints 
 
 There are three general constraints that can serve as an impediment towards 

implementation of the management strategies presented in this report: 

1. Physical constraints  

a. LID depends on a reduction of volume from the runoff hydrograph.  This 

is typically achieved by utilizing a number of design techniques in unison, 

but almost always has a heavy infiltration component.  Considering 

infiltration, soils may be a constraint if permeability rates are not 

adequate. 

b. LID site design (foot printing to reduce the CN value, etc) or strategies 

that require large storage requirements may not be physically practical in 

urbanized areas where site projects may have limited area as with infill 

projects and redevelopment projects.    

2. Practical planning constraints with watershed analysis - As mentioned in Section 

4.2.2 in regards to the URR and Stratified strategies, specifying unit or allowable 

release rates presents a challenge since it is not known where future management 

will exist and where it will not exist in an already heavily developed watershed.  
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Trying to meet watershed baseline objectives may not be possible when strategies 

are only implemented in applicable areas. 

3. Cost/benefit - Cost should be considered at the site scale as related to storage 

requirements and at the watershed scale when justifying a management strategy 

that requires a watershed analysis. 
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5 Tailored Stormwater Management 

 Chapter 5 provides an evaluation of the alternative management strategies in 

regards to their potential benefit with implementation in the subject watershed.  The 

evaluation leads to the selection of a base strategy determined to best serve the subject 

watershed and ultimately modifications to that strategy that result in a tailored 

management strategy.  This selected and modified strategy is defined as the "tailored" 

stormwater management strategy for the specified watershed.      

5.1 Management Strategy Evaluation, Selection and Modification  

 Results provide several metrics to consider for selection of the optimal 

management strategy for implementation in the subject watershed.  These are specified 

as: 

1. The ability to meet the baseline goals, or provide optimal reduction in peak 

runoff rate at the watershed POI for the range of design storms, 

2. The ability to maintain the predevelopment runoff rate at the site scale for the 

range of design storms, 

3. The relative volume required to implement the strategy at the site scale. 

4. The relative cost to implement the strategy at the site scale. 

 
In addition, the three major shortcomings cited by Emerson et al. (2004) are also 

considered.  Recall these shortcomings as: 

a. Although peak runoff rates are detained to below predevelopment rates at the 

site, streambank erosion is increased with increased duration and volume of 

runoff. 

b. The design of detention ponds are usually focused on specified return interval 

storms, such as the 2-year or 100-year storms, that account for only a small 

fraction of yearly precipitation. 

c. Since detention ponds are designed on a site-by-site basis, their watershed-

wide performance can not be assured. 
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5.1.1 Results evaluation 

 From Table 4.4, recall that none of the alternative strategies achieved the baseline 

goal for all design storms.  A look at this table in context to #1 and #2 above results in the 

following points: 

A. Those strategies that do not specifically require reduction of the 25-year design 

storm to predevelopment peak runoff rates at the site scale (Traditional, 

Traditional with Water Quality and LID) do not accomplish this at the site scale 

nor do they meet the watershed baseline goal for the 25-year design storm.  All 

strategies that had specific design criteria for the 25-year design storm met the 

watershed baseline goal for the storm event. 

B. Only the Stratified strategy did not meet the watershed baseline goal for the 10-

year design storm.  Although this strategy reduces the post-development runoff 

peak to below the predevelopment peak at the site scale for this design storm 

(reference Table 4.2), it is suggested that the strategy cannot meet the watershed 

goals since the method for assigning release rates is based on sub-basin 

contribution at the watershed POI and many sub-sheds within the watershed are 

not subject to stormwater management.  Therefore, their contributions are left 

unmanaged.   

C. The Stratified strategy exceeds the baseline peak runoff rates by a greater 

percentage than all other alternative strategies for the 1-, 2- and 10-year design 

storms. 

D. The Traditional strategy is the only strategy that met the watershed baseline goal 

for only one design storm (the 10-year design storm).  Excess above the baseline 

peak runoff rates ranked third highest, after the Stratified and VDP strategies for 

the 1- and 2-year design storms. 

E. Only the LID strategy meets the goal for the 1-year design storm.  And only the 

LID and Traditional with Water Quality met the goal for the 2-year design storm.  

It is noted that the FSD strategy required a significantly larger volume and 

drawdown with the EURV + 10% when compared to the 30-hour drawdown of 

the water quality volume associated with the traditional with Water Quality 

strategy.  However, this larger volume and drawdown, although resulting in lower 
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peak runoff rates at the site scale (refer to Table 4.2), does not result in 

significantly different peak rate reductions at the watershed POI for the 1-year 

design storm.  In addition, the FSD results in a higher peak runoff rate than the 

Traditional with Water Quality at the watershed POI with the 2-year design storm.  

This suggests that extending the drawdown and increasing the volume for the 

drawdown of an initial runoff volume does not imply better results downstream. 

F. The VDP is second only to the Stratified strategy in regards to the percent 

difference above the baseline peak runoff rate for the 1-year design storm.  The 

VDP also does not meet the watershed baseline for the 2-year storm even though 

there is a great decrease in the peak runoff rate at the site scale (reference Table 

4.2).  This suggests that a reduction below predevelopment peak rate to this level 

(> 30% for 1-year and 50% for 2-year) at the site scale is not warranted.  

G. The FSD and the URR do not meet the watershed baseline for the 1- and 2-year 

design storms even though the site release rates are reduced to well below the 

predevelopment peak runoff rates (Table 4.2).  This suggests that a reduction 

below predevelopment rate to this level (> 40% for 1-year and 60% for 2-year) at 

the site scale is not warranted. 

 

 From Tables 4.15 and 4.17, relative volumes required for implementation of each 

strategy and associated costs are provided.  Volumes are used to generate construction 

costs.  However, the additional cost for loss of land area needed to provide the required 

volume is also considered.  A look at these tables in context to #3 and #4 above results in 

the following items: 

H. The FSD and the VDP result in the largest storage volume requirements, on 

average.  This also translates to the highest construction cost increase compared to 

the Traditional strategy (nearly 100%), except for the LID strategy, which shows 

nearly a 200% increase. 

I. The Traditional with Water Quality and Stratified result in the smallest increase 

(± 20%) when compared to the Traditional strategy.  Costs increase compared to 

the Traditional strategy are also the smallest for these two strategies, resulting in 

an increase near 50%.  
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J. The LID and URR storage volume requirements are mid-range in comparison 

with the alternative strategies, however while the URR costs are also mid range 

(70% increase compared to Traditional), the LID cost as the highest of all 

strategies, as previously mentioned.  The high costs associated with LID stem 

from the costs of BMPs more complex than detention ponds related to the volume 

reduction requirements of the strategy.  

5.1.2 Evaluation of Emerson's shortcomings 

 The Virginia Erosion and Sediment Control Handbook (1992) states that studies 

have shown that most natural streams are formed with a bank-full capacity to pass runoff 

from a storm with a 1.5- to 2-year recurrence interval.  Emerson's first shortcoming states 

that: "although peak runoff rates are detained to below predevelopment rates at the site, 

streambank erosion is increased with increased duration and volume of runoff.”  This is 

found to be the case downstream of the subject watershed at the urban/rural interface 

downstream where piped flows discharge to the open channel.  This shortcoming may be 

partially addressed with the following: 

• Duration of bank-full conditions can be maintained to the predeveloped, or 

baseline condition.  This assumes that although duration of flows higher than the 

predevelopment exists, this would occur along the receding limb of the 

hydrograph, after the peak (bank-full) has occurred for the 1.5- to 2-year design 

storm.   

• Excess volumes that are inevitable in urbanized watersheds can pass after the 

peak (bank-full) occurs with the 1.5- and 2-year recurrence intervals. 

 

 The two items are conceptual in nature and intended to address Emerson's 

concern by maintaining the level in which natural streams are formed.  This concept is 

illustrated in Figure 5.1 using the portion of the watershed POI hydrographs that would 

represent bank-full, or near bank-full conditions with the 2-year design storm.  The 

optimal strategy would do the following to address Emerson's first shortcoming: 

 Maintain the predevelopment peak for the 1.5- to 2-year design storm. 
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 Maintain the predevelopment duration and volume of runoff in the downstream 

channel at, and near, bank-full conditions. 
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Figure 5.1 A portion of the watershed POI 2-year design storm hydrographs at, and near, the bank 
full condition.  Note that arrows are provided to illustrate the concept of the duration of the high 
flows contributing to near bank full conditions for the predevelopment baseline condition.  
 

 It is not feasible to maintain the predevelopment volume for the entire duration of 

the runoff hydrograph in the urbanized watershed.  However, it may be possible to 

maintain the volume during the high flow stage of the hydrograph.  It is suggested that 

this could reduce the erosive impact on the downstream receiving stream.  To attempt to 

satisfy this first of Emerson's shortcomings, the 1- and 2-year watershed POI hydrographs 

(Appendix Q) are evaluated for high flow duration.  For example, this evaluation would 

note from Figure 5.1 that the LID and Traditional with Water Quality strategies meet the 

peak runoff rate baseline and also appear to maintain the duration, and therefore the 

volume during the high flow portion of the hydrograph, when compared to the 

predevelopment condition.  Similar observation is made with the 1-year design storm 

(reference Appendix Q), except the Traditional with Water Quality strategy slightly 

exceeds the predevelopment peak with this storm.  Recall that the predevelopment 

baseline for the purpose of this research is not the condition in its natural state, but rather 

a baseline target based on a point in time.  It is not intended to be suggested that the 
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natural state at the watershed POI could be returned to its natural condition in an urban 

watershed, but only that erosive conditions could be maintained to the levels that 

occurred with the at the baseline condition.         
 
 Emerson's second shortcoming related to the focus on specified return intervals, 

such as the 2-year and 100-year storms, has been discussed within this research in regards 

to evaluation of each of the alternative strategies.  Since most annual precipitation events 

result in storms less than the 2-year design storm, the 1-year storm has also been included 

in the analysis presented in this paper.  Emerson's third shortcoming has inherently been 

addressed with the evaluation of the performance of each of the management at the 

watershed scale.    

5.1.3 Strategy Selection 

 The desired result is to select a strategy that meets the watershed baseline goal for 

the range of design storms.  Since none of the strategies meet this goal, a strategy is 

selected that appears to provide the best results based on the analysis described in this 

report.  The following key characteristics of the alternative strategies within the 

watershed resulted from the evaluation described in previous sections: 

• Only strategies that have a specific management requirement for the 25-year 

design storm meet the baseline watershed goal for this storm event. 

• The Traditional, Stratified, URR and VDP do not appear to have the potential to 

meet watershed baseline goals for the full range of design storms, mostly due to 

their inability to meet the watershed baseline goals for the smaller storms (1- and 

2-year). 

• Only the LID, FSD and the Traditional with Water Quality provide the best 

results for achieving, or coming close to achieving, the watershed baseline goals 

for the smaller storm events (1- and 2-year).  However, the large volume (EURV 

+ 10%) and long drawdown associated with the FSD do not provide better 

downstream results. 

• The FSD and VDP result in large site storage requirements, resulting in relatively 

high construction costs. 

• LID results in high construction costs. 
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• The Traditional, Traditional with Water Quality and Stratified result in the lowest 

site storage requirements and smallest construction costs, when compared to other 

strategies. 

• Only the Traditional with Water Quality and LID strategies appear to maintain 

predevelopment duration of high flows (near bank-full) at the watershed POI.  

Therefore, these strategies provide the best possibility of addressing Emerson's 

first shortcoming regarding duration and volume of flows causing erosion. 

 

 Based on these generalized items resulting from evaluation, the Traditional, URR, 

Stratified and VDP strategies are removed from consideration as the optimal strategy for 

the subject watershed.  The FSD is also removed since it is found that the larger site 

storage requirements for the 72-hour drawdown due not provide increased benefit at the 

watershed POI.  The remaining strategies are the Traditional with Water Quality and 

LID.  Although LID performs well for the range of design storms, the physical 

characteristics prohibit the ability to implement this strategy fully to its design 

specifications.  These characteristics are the clayey soils and the urbanized nature of the 

watershed in that area on redevelopment and infill projects is limited, making the 

installation of integrated BMPs difficult to achieve.  With this, the Traditional with Water 

Quality strategy is selected as the base strategy for implementation within the watershed.      

5.1.4 Tailored Management for the Subject Watershed 

 With the selection of the Traditional with Water Quality strategy, it is noted that 

Emerson's second shortcoming regarding the range of storms analyzed is not fully 

addressed since the 1- and 25-year watershed baseline is not met.  With the 1-year storm, 

this baseline is not met even though the strategy results in post-development peak runoff 

rates that average 22% less than the predevelopment peak runoff rates at the site scale.  

The URR, FSD and VDP all exceeded this average reduction, as much as almost 5 times 

in the case of FSD, yet none of these three met the watershed baseline goal.  Only LID, 

which required on-site retention of the difference of volumes produced between the post- 

and predevelopment runoff for the 1-year design storm met the 1-year watershed 

baseline.   
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 Inherently, Emerson's shortcoming regarding the full range of design storms is 

addressed since an analysis of performance at a watershed scale is presented.  However, 

to attempt to address this more explicitly and provide a modified strategy that meets the 

baseline goal for the full range of design storms, a runoff retention component, similar to 

the LID strategy, was added to the Traditional with Water Quality strategy.  An iterative 

process was performed that added an increasingly higher volume retention requirement.  

It was found that the full range of baseline goals for the watershed could not be met until 

the volume retained on site approached the difference of volumes produced between the 

post- and predevelopment runoff for the 1-year design storm, identical to the LID strategy 

requirement.  Therefore, this modification is not feasible as a component to a tailored 

strategy for the same reasons the LID strategy is not applicable within the watershed.  

Recall that the Traditional with Water Quality strategy already produced post-peak runoff 

rates less than the predevelopment peak rates at the site scale.  Since volume reduction to 

meet the baseline for the full range of design storms, and peak reduction for the 1-year 

storm at the site scale does not meet the watershed baseline goal, the percent difference in 

peak increase from the baseline peak of only 2.8% for the 1-year storm is deemed 

acceptable.     

 

 Although the 1-year watershed baseline goal did not appear to be obtainable using 

detention or feasible with retention of volumes, Emerson's shortcoming is partially 

addressed with a modification to the Traditional with Water Quality strategy that includes 

a requirement for the post-development peak runoff rate for the 25-year design storm be 

reduced to below the predevelopment peak runoff rate at the site scale.  Recall from 

Table 4.2 that this strategy resulted in a post-development peak runoff rate that averaged 

11% above the predevelopment peak runoff rate at the site scale for the 25-year design 

storm.  Also recall that all of the strategies that did specifically address the 25-year design 

storm did meet the watershed baseline.  To evaluate the strategy with the modified 

component, the control structure serving each applicable area was modified to maintain 

the post-development peak runoff rate to the predevelopment level for the 25-year storm 

(Appendix R).  The results for the full range of design storms with implementation of this 

tailored strategy are found in Appendix S.  Note from Tables 5.1 and 5.2 that the 
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observation noted in the review of strategies that described the 25-year watershed 

baseline goal being met when specifically addressed by the strategy requirements, hold 

true with the tailored strategy.    

 
Table 5.1 Summary of peak runoff rates at the watershed outfall for the Tailored strategy.  Results 
are compared to the baseline values established in Section 3.2.3.   

1-year 2-year 10-year 25-year Management 
Strategy Outflow 

(cfs) % diff. Outflow 
(cfs) 

% 
diff. 

Outflow 
(cfs) 

% 
diff. 

Outflow 
(cfs) % diff. 

Tailored 162.18 +2.8 241.12 -4.3 491.24 -1.9 695.18 -3.6 
Baseline 157.72 N/A 252.05 N/A 500.69 N/A 721.00 N/A 

 
Table 5.2 Summary of stages at the watershed outfall for the Tailored strategy.  Results are 
compared to the baseline values. 

Stage (ft) Management 
Strategy 1-year 2-year 10-year 25-year 
Tailored 2059.28 2059.77 2061.07 2061.75 
Baseline 2059.24 2059.81 2061.16 2061.94 

 

 With the addition of the modification to the Traditional with Water Quality 

strategy to include site peak reduction requirements, the volume requirement and 

construction costs were evaluated for comparison to all strategies (see Tables 5.32 

through 5.6).  It was found that this Tailored strategy resulted in volume requirements 

and construction costs in the mid range, when compared to all strategies (reference 

Tables 4.14, 4.15, 4.16 and 4.17).  On average the modification resulted in a 12% 

increase in storage volume required when compared to the Traditional with Water 

Quality strategy with no modification.  The average increase in cost when compared to 

the Traditional with Water Quality strategy approached 9%. 
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Table 5.3 Maximum volume used in management facilities serving each applicable area for Tailored, 
Traditional with WQ, or Traditional strategy.     

Volume used for the 25-year storm Applicable 
Area Traditional Traditional w/ 

WQ Tailored 

A 83,411 86,228 105,309 
B 14,207 16,380 16,564 
C 24,140 31,620 33,949 
D 13,830 16,976 20,238 
E 28,962 30,032 36,077 
F 10,548 12,586 14,621 
G 9,693 11,783 13,449 
H 8,921 11,779 12,035 
I 34,726 43,161 44,827 

 
Table 5.4 Percent of volume used in management facilities serving each applicable area for Tailored, 
Traditional with WQ, or Traditional strategy, compared to volume used with the implementation of 
the Traditional strategy.   

Applicable 
Area Traditional Traditional 

w/ WQ Tailored 

A 100 103 126 
B 100 115 117 
C 100 131 141 
D 100 123 146 
E 100 104 125 
F 100 119 139 
G 100 122 139 
H 100 132 135 
I 100 124 129 

Average -> 119 133 
 
Table 5.5 Relative capital cost estimates for implementing the Tailored, Traditional, or Traditional 
strategy. 

Estimated Costs ($) Applicable 
Area Traditional Traditional w/ 

WQ Tailored

A 51,508 69,906 81,376 
B 12,950 19,783 19,952 
C 19,582 32,613 34,423 
D 12,681 20,328 23,233 
E 22,571 31,361 36,051 
F 10,266 16,193 18,147 
G 9,611 15,402 17,031 
H 9,008 15,398 15,651 
I 26,003 41,313 42,520 
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Table 5.6 Percent of cost for management facilities serving each applicable area for the Tailored, 
Traditional, or Traditional strategy compared to cost for the implementation of the Traditional 
strategy.   
Applicable 

Area Traditional Traditional w/ 
WQ Tailored

A 100 136 158 
B 100 153 154 
C 100 167 176 
D 100 160 183 
E 100 139 160 
F 100 158 177 
G 100 160 177 
H 100 171 174 
I 100 159 164 
Average -> 156 169 

 

5.2 Tailored Management Guidance 

 Recall that "tailored" stormwater management refers to the selection of an optimal 

management strategy, with possible modifications, to be implemented within a specific 

watershed.  It is suggested that this selection should be based from the results of a 

watershed analysis that examines results at a point, or points, of interest within the 

watershed.  The watershed analysis should evaluate available alternative strategies for a 

range of design storms.  An analysis similar to the one presented here would include the 

following steps: 

1. Identify a point, or points, of interest that experiences, or has the potential to 

experience with future development, flooding or erosion problems.  

2. Develop a detailed hydrologic/hydraulic model of the watershed.  Early planning 

should include flow and rainfall measuring equipment installed in the field, for 

calibration.  

3. Review alternative management strategies that are feasible to implement based on 

watershed characteristics (i.e. soils, karst, and existing development).  It may be 

prudent to perform this step concurrent with Step 2 to assure model development 

(specifically related to rainfall-runoff component) is consistent with methodology 

for selected alternative strategies. 

4. Select a baseline goal for the point(s) of interest.  This could be based at a point in 

time, or capacity availability.  For a point in time, modify the watershed model to 
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represent the baseline condition in the watershed.  This approach could utilize 

historic data (i.e. aerial photography) to modify land cover conditions and to 

modify the conveyance system infrastructure within the watershed.   

5. Route the baseline condition model for a wide range of storm events. 

6. In addition to existing facilities, provide “dummy” ponds and applicable areas for 

areas that are subject to stormwater management regulations with future 

development.  Ideally, a pond would be provided for each potential development 

site and its corresponding basin.  Placement of dummy applicable areas should 

consider areas that may practically be developed in the next 20-30 years.  This 

will give a more accurate depiction of the strategies downstream performance 

potential by considering the reality of what portions of the watershed may, or may 

not, actually be subjected to stormwater management. 

7. Create a copy of the base model for each management strategy.  Design each 

pond within each model based on the specified design criteria for the 

corresponding strategy.  Assure that design only meets the minimum requirements 

of the strategy (i.e. allow maximum release of the 25-year design storm if no 

reduction requirement is stated for this storm).  This approach will most 

accurately represent the strategies implementation in practice.   

8. Route a wide range of storms events with each model.  It was found during the 

literature review of alternative strategies that some strategies were developed 

using SCS hydrology.  The selection of rainfall should consider the 

implementation of the management strategies.  However, it is recommended that 

measured rainfall should also be routed, especially to evaluate performance for 

the smaller, more frequent storm events (< 1-year). 

9. Compare results at the point, or points, of interest.  Any regional facilities within 

the watershed should be evaluated to determine any effects the alternative 

strategies may have on these facilities (e.g. flooding?).   

10.  Evaluate results based on a strategy's ability to meet the baseline goals 

established in Step 4.  In addition to peak reduction at the point of interest, also 

consider the duration and volume that occurs near bank-full conditions.  Volume 
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and cost requirements for implementation at the site scale should also be 

considered in context to the benefit gained at the point of interest. 

11. Select the optimal management strategy.  Based on the results analysis, modify 

the selected strategy, if needed, by adding requirements that may help meet 

baseline goals not being met with the strategy as is. 

12. Create a new model and modify each control structure to represent the modified 

strategy.  Verify if the baseline goal targeted by the modification is met.  Also, 

assure that other goals that were previously met are not compromised. 

13. If the modified strategy provides the desired results, perform a required volume 

and cost analysis to assure the cost/benefit analysis with the modification is still 

adequate.     

 

6 Discussion and Conclusions 

 
 Chapter 6 provides a review of the objective presented in Chapter 1.  Based on the 

analysis presented and specifically the evaluation of results, concluding thoughts and 

suggestions for future research are also provided.   

6.1 Review of Objectives 

 The overall goal of this research is to investigate downstream runoff peak 

reductions resulting from application of alternative stormwater management strategies 

implemented throughout a branch of the Stroubles Creek watershed in Blacksburg, 

Virginia.  The research achieved this goal and the specific objectives presented in 

Chapter 1.  Specific tasks to accomplish the objective are summarized below. 

 

• Utilize a hydrologic and hydraulic model representative of the subject watershed 

with detail and scale adequate to represents the implementation of stormwater 

management within the watershed.   

A SewerGEMS model was developed with detailed data that included the storm 

sewer system and management facilities within the watershed.  The model 

included storm sewer infrastructure data collected in the field and supplemented 
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with record drawings.  All relevant information related to stormwater 

management facilities was also included.  Runoff coefficient data was generated 

using land cover and soils data.  Time of concentration calculations were 

performed using available mapping.  Sub-basins were delineated to the scale of 

applicable areas.  Several dummy facilities were added to provide more managed 

area, and therefore more defined results downstream.  Finally, the model was 

calibrated using available measured data. 

 

• Review alternative stormwater management strategies and develop procedures to 

represent these strategies in the model within applicable areas. 

Chapter 2 provides a review of the alternative stormwater management practices 

found in the literature.  Chapter 3 provides the methodology for representing these 

strategies within the model. 

 

• Evaluate characteristics of runoff hydrographs resulting from each applicable 

area with each alternative management strategy.  Routing will be subject to a 

range of design storms.   

Chapter 4 provides an evaluation of characteristics observed with the 

implementation of each management strategy at the site scale.   

 

• Analyze the resulting hydrographs at the watershed outfall generated from 

implementation of each alternative management strategy for all applicable areas 

within the watershed. 

Section 4.2 begins the discussion of the analysis of results at the watershed 

outfall.  This section provides observations related to the results seen at the 

watershed outfall for implementation of each alternative strategy within the 

watershed.  Representation of each strategy at a watershed scale was a result of all 

applicable areas being subjected to the design requirements for each strategy.  The 

analysis resulted in a selection of the optimal strategy for the watershed and 

included a modification to the strategy based on observations from the analysis.  
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6.2 Final Thoughts 

 The results from this research provide some insight into what effect the 

implementation of alternative management strategies can have downstream, specifically 

in an urban watershed with only a portion of the total area subjected to stormwater 

management.  At a watershed scale, it was found that none of the management strategies 

met the baseline goals for the full range of design storms.  The goals appear obtainable 

with the larger, less frequent events, but appear more challenging with the smaller storms.  

As success with the larger storms is important to relieve downstream flooding concerns, 

the natural condition of streams is compromised with the smaller, more frequent storms.  

Although in the urbanized watershed, the natural stream condition may already be gone, 

natural conditions possibly still exist downstream and impact can be minimized if these 

more frequent storms can replicate the predevelopment condition during bank-full 

conditions.   

 

 Of course, frequency of runoff will increase with urbanization despite stormwater 

management.  Since the frequency of runoff events can only be maintained to the 

predevelopment condition when runoff volumes are reduced to predevelopment 

conditions, only LID offers the possibility to maintain frequency of runoff events.  In 

spite of the findings for the subject watershed, LID offers the most robust management 

strategy where it can be successfully applied.  Bosley (2008) shows that when compared 

to a forested condition over a 77-month simulation period, traditional management 

strategies result in 10.6 times the runoff volume, while LID produces 3.1 times the runoff 

volume.  This performance by a representation of an LID strategy at the site scale clearly 

illustrates the benefit of LID.  However, Bosley also acknowledges that it is unclear if an 

LID strategy can successfully manage flood peaks resulting from larger, less frequent 

storm events.    

 

 Considering comparison of implementation of all the strategies presented, the 

range in peak runoff rates at the watershed outfall were relatively small, with the average 

variation to the predevelopment peak averaging 4% for the smaller storms (1- and 2-year) 

and 2.3% for the larger storms (10- and 25-year).  This indicates that the portions of the 
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watershed not subjected to stormwater management (75% of total area) provide most of 

the contribution to the peak at the watershed outfall.  However, the difference in range 

between implementation of the varied strategies range as high as 21% for the 1-year 

storm (difference between Stratified and LID) or 11% (Stratified and Traditional with 

Water Quality) when LID is excluded from comparison.   The difference in peak runoff 

between the Stratified and Traditional with Water Quality was also significant for the 2-

year storm at approximately 16%.  The range in results for larger storms was less 

dramatic.  These results can be explained by the fact that storage within the watershed is 

exceeded with the pre- and post-development condition with the larger storms, with the 

available storage being relatively small compared to runoff volumes.  However, this 

would not be the case with smaller storms since the available storage would account for a 

higher percentage of the total runoff volume, resulting in more variation in runoff 

between pre- and post conditions.  Even though the range of peak runoff results is 

relatively small with implementation of the management strategies, recall that there is a 

25% increase in peak runoff rates at the watershed outfall when no management is in 

place.   

 

 It appears that detention cannot provide the controls necessary to meet the 

baseline goals for the 1-year storm, no matter how stringent the requirements become 

(e.g. 72-hour drawdown on the EURV + 10%).  The 1-year watershed baseline goal was 

only met when volumes were reduced (retained on-site) that approximate the difference 

between the pre- and post development runoff for the 1-year design storm.  This indicates 

that additional runoff generated from the loss in available storage, due to the developed 

condition, is significant enough to contribute to the downstream peak no matter how 

small the rate of release from the site.  Interestingly this occurs with only 25% of the 

watershed subjected to management and therefore only the land cover from this 25% 

having different land cover conditions compared to the baseline condition.  This suggests 

that after only a portion of the watershed is developed, the baseline target for smaller 

storm events become unobtainable.  It also suggests that any retention that can be 

provided on-site should be encouraged.  This is because although it was found that the 

full difference in the pre- and post volumes needed to be retained to meet the 1-year 
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watershed baseline, the retention of a percentage of this volume may help meet watershed 

goal for storms smaller than the 1-year storm.  

 

 With the variability between watersheds, alternative management strategies 

should be evaluated to determine which provides the optimal results at a point, or points 

of interest in a watershed.  The subject watershed represents an urbanized area, only 

partially subjected to stormwater management.  There are also two regional management 

facilities located in the watershed.  It is suggested that the optimal strategy for 

implementation may vary based on the percentage of the total area subjected to 

stormwater management and the existence of regional facilities.  An analysis similar to 

the one presented in this paper may prove worthwhile when considering some of the 

counter-intuitive results encountered.  For example, even though the URR, FSD and VDP 

provide significant reduction below the predevelopment peak runoff rate at the site scale, 

the benefit is not transferred downstream.  This illustrates that larger storage facilities that 

allowable smaller release rates, and consequently higher costs, do not provided added 

benefit downstream.   

6.3 Future Research 

 The presented analysis provides insight for the subject watershed.  However, the 

variability that exists across watersheds may result in the selection of a different tailored 

strategy.  Future research should consider varying percentages of area subjected to 

stormwater management within a watershed.  Watersheds at varying levels of 

urbanization should also be considered.  Furthermore, recall that the Stratified watershed 

analysis for development of release rates resulted in all of those applicable areas in which 

the discharge eventually was conveyed through a regional facility being allowed a release 

rate of 100% of the predevelopment release rate.  In contrast, all those applicable areas 

that were not subject to a downstream release rate were only allowed to release a 

percentage (60 – 90%) of the predevelopment release rate.  Since these release rates were 

developed based on the applicable areas contribution to the peak runoff rate at the 

watershed outfall, this indicates that regional facilities do play a role in regards to having 

an effect on the downstream peak.  Future research should provide a closer examination 
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of the effect of the facilities within the watershed.  The examination should also consider 

if management strategies can be modified or varied throughout a watershed based on the 

presence of downstream regional facilities.
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8 Appendix 

Appendix A: LID Chart Series 

• A-1: LID Chart Series: Storage Required to Maintain Pre-development 

Runoff Volume 

• A-2: LID Chart Series: Storage Required to Maintain Pre-development 

Runoff Volume using 100% Retention 

• A-3: LID Chart Series: Storage Required to Maintain Pre-development 

Runoff Volume using 100% Detention 
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Appendix B: Maps of Subject Watershed 

• B-1: Subject Watershed 

• B-2: Subject Watershed Sub-basins and ponds  

• B-3: Subject Watershed Conveyance System 
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B-1. Subject Watershed 
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B-2. Subject Watershed Sub-basins and ponds  
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B-3. Subject Watershed Conveyance System 
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Appendix C: SewerGEMS Implicit engine option settings 

• C-1: Model Calculations Options 
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C-1. Model Calculations Options 
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Appendix D: Curve number data for subject watershed (CGIT's CN 
Development Report 

• D-1: CGIT Curve Number Development Report 
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(D-1. This cover page and next 12 pages) 
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Appendix E: NOAA 24-hour Precipitation Depths 

• E-1: Rainfall Depths for SCS, 24-hour design storms. 
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E-1. Rainfall Depths for SCS, 24-hour design storms. 
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Appendix F: Comparisons between measured and modeled flow data 

• F-1: Comparison of measured and modeled flow data for the May 15, 

2009 rain event for the subject watershed. 

• F-2: Comparison of measured and modeled flow data for the May 26, 

2009 rain event for the subject watershed. 

• F-3: Comparison of measured and modeled flow data for the July 17, 

2009 rain event for the subject watershed. 

• F-4: Comparison of measured and modeled flow data for the August 5, 

2009 rain event for the subject watershed. 
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F-1. Comparison of measured and modeled flow data for the May 15, 2009 rain event for the subject 
watershed. 
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F-2. Comparison of measured and modeled flow data for the May 26, 2009 rain event for the subject 
watershed. 
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F-3. Comparison of measured and modeled flow data for the July 17, 2009 rain event for the subject 
watershed. 
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F-4. Comparison of measured and modeled flow data for the August 5, 2009 rain event for the 
subject watershed. 
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Appendix G: Mapping of Applicable Areas (A through I) 

• G-1: Map of Applicable Areas 

 
 



 8-31

 
G-1. Map of Applicable Areas 
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Appendix H: Baseline (predevelopment), existing conditions and no 
detention hydrographs 

• H-1: Predevelopment (POI baseline) hydrographs for the 1-, 2-, 10- and 

25-year design storms. 

• H-2: Existing conditions hydrographs for the 1-, 2-, 10- and 25-year 

design storms. 

• H-3: Existing conditions with no detention hydrographs for the 1-, 2-, 10- 

and 25-year design storms. 

• H-4: Hydrographs comparisons between the predevelopment, existing 

and existing with no detention scenarios for the 1-year storm. 

• H-5: Hydrographs comparisons between the predevelopment, existing 

and existing with no detention scenarios for the 2-year storm. 

• H-6: Hydrographs comparisons between the predevelopment, existing 

and existing with no detention scenarios for the 10-year storm. 

• H-7: Hydrographs comparisons between the predevelopment, existing 

and existing with no detention scenarios for the 25-year storm. 
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Appendix I: Common information for modeling scenarios 

• I-1: Pre- and post-development hydrologic parameters for applicable 

areas. 

• I-2: Elevation-area information for facility serving Applicable Area A. 

• I-3: Elevation-area information for facility serving Applicable Area B. 

• I-4: Elevation-area information for facility serving Applicable Area C. 

• I-5: Elevation-area information for facility serving Applicable Area D. 

• I-6: Elevation-area information for facility serving Applicable Area E. 

• I-7: Elevation-area information for facility serving Applicable Area F. 

• I-8: Elevation-area information for facility serving Applicable Area G. 

• I-9: Elevation-area information for facility serving Applicable Area H. 

• I-10: Elevation-area information for facility serving Applicable Area I. 

• I-11: SCS, Type II, 24-hour design rainfall for the 1-year storm. 

• I-12: SCS, Type II, 24-hour design rainfall for the 2-year storm. 

• I-13: SCS, Type II, 24-hour design rainfall for the 10-year storm. 

• I-14: SCS, Type II, 24-hour design rainfall for the 25-year storm. 
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I-1. Pre- and post-development hydrologic parameters for applicable areas. 

 Post-development Pre-development 
Applicable 

Area Area CN TC (min) CN TC (min) 

A 30.27 82 19.5 24.5 
B 5.97 84 11.0 14 
C 7.56 86 7.4 9.5 
D 6.05 82 13.4 14.5 
E 21.53 77 17.3 21.5 
F 3.98 84 17.8 12.5 
G 2.35 90 12.7 15.5 
H 2.07 93 9.0 12.5 
I 8.77 88 13.5 

71 

15.7 
 
 
 
 
 
 

 
I-2. Elevation-area information for facility serving Applicable Area A. 
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I-3. Elevation-area information for facility serving Applicable Area B. 
 
 

 
I-4. Elevation-area information for facility serving Applicable Area C. 
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I-5. Elevation-area information for facility serving Applicable Area D. 
 
 

 
I-6. Elevation-area information for facility serving Applicable Area E. 
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I-7. Elevation-area information for facility serving Applicable Area F. 
 
 

 
I-8. Elevation-area information for facility serving Applicable Area G. 
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I-9. Elevation-area information for facility serving Applicable Area H. 
 
 

 
I-10. Elevation-area information for facility serving Applicable Area I. 
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I-11. SCS, Type II, 24-hour design rainfall for the 1-year storm. 
 
 

 
I-12. SCS, Type II, 24-hour design rainfall for the 2-year storm. 
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I-13. SCS, Type II, 24-hour design rainfall for the 10-year storm. 
 

 
I-14. SCS, Type II, 24-hour design rainfall for the 25-year storm. 
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Appendix J: Information for Traditional strategy scenario 

• J-1: Traditional strategy control structure information for each facility 

serving each applicable area.   

• J-2: Pre- and post-development hydrographs for applicable area A with 

the traditional design. 

• J-3: Pre- and post-development hydrographs for applicable area B with 

the traditional design. 

• J-4: Pre- and post-development hydrographs for applicable area C with 

the traditional design. 

• J-5: Pre- and post-development hydrographs for applicable area D with 

the traditional design. 

• J-6: Pre- and post-development hydrographs for applicable area E with 

the traditional design. 

• J-7: Pre- and post-development hydrographs for applicable area F with 

the traditional design. 

• J-8: Pre- and post-development hydrographs for applicable area G with 

the traditional design. 

• J-9: Pre- and post-development hydrographs for applicable area H with 

the traditional design. 

• J-10: Pre- and post-development hydrographs for applicable area I with 

the traditional design. 
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J-1. Traditional strategy control structure information for each facility serving each applicable area.   
Primary Orifice Secondary Orifice Riser Weir*** Facility 

Serving 
Applicable 

Area 

Invert 
Elevation 

(ft) 

Dia. 
(in) 

Crest 
Elevation 

(ft) 

Type/ 
Size* (in) 

Crest 
Elevation 

(ft) 

Dia 
(ft) 

Crest 
Elevation 

(ft) 

Length 
(ft) 

A 2,165.00 19 N/A 2,170.00 30 N/A 
B 2,238.10 10 2,241.20 12 2,242.80 40 N/A 
C 2,204.00 12 N/A 2,207.10 18 2,208.50 15 
D 2,160.00 12 N/A 2,162.50 24 2,163.90 15 
E 2,137.26 15 N/A 2,142.30 20 2,144.50 14 
F 2,121.30 7 N/A 2,124.50 12 2,125.90 30 
G 2,110.50 7 N/A 2,112.70 12 2,113.30 15 
H 2,094.20 3 (2) 2,099.30 10 N/A 2,100.70 6 

I 2,078.50 14 2,080.80 1'H x 
2'W(R) 2,081.70 40 N/A 

* All orifices are circular unless an (R) is indicated for rectangular orifice, area of rectangular orifice is 
provided 
** Orifice coefficient = 0.6 in all cases 
*** Weir coefficient = 3.1 in all cases; Weir is suppressed type in all cases 
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Appendix K: Information for Traditional with WQ component strategy 
scenario 

• K-1: Water quality volume calculation with corresponding stage in 

facility serving applicable area.   

• K-2: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area A. 

• K-3: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area B. 

• K-4: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area C. 

• K-5: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area D. 

• K-6: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area E. 

• K-7: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area F. 

• K-8: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area G. 

• K-9: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area H. 

• K-10: 30-hour drawdown for the water quality volume for facility serving 

Applicable Area I. 

• K-11: Control structure design for the Traditional with Water Quality strategy applied 

to each applicable area.   
• K-12: Summary of pre- and post-development peak flows based on the above design for 

the Traditional with Water Quality component strategy.  

• K-13: Pre- and post-development hydrographs for applicable area A with the traditional 

with water quality design. 

• K-14: Pre- and post-development hydrographs for applicable area B with the traditional 

with water quality design. 

• K-15: Pre- and post-development hydrographs for applicable area C with the traditional 

with water quality design. 
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• K-16: Pre- and post-development hydrographs for applicable area D with the traditional 

with water quality design. 

• K-17: Pre- and post-development hydrographs for applicable area E with the traditional 

with water quality design. 

• K-18: Pre- and post-development hydrographs for applicable area F with the traditional 

with water quality design. 

• K-19: Pre- and post-development hydrographs for applicable area G with the 

traditional with water quality design. 

• K-20: Pre- and post-development hydrographs for applicable area H with the 

traditional with water quality design. 

• K-21: Pre- and post-development hydrographs for applicable area I with the traditional 

with water quality design. 
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K-1. Water quality volume calculation with corresponding stage in facility serving applicable area.  
Starting water surface elevation is set at the WQ volume stage for sizing of extended detention 
orifice. 

Impervious Area   Applicable 
Area (acres) (ft2) WQ Volume 

(ft3) 
Corresponding stage in serving 

facility (ft) 
A 10.57 460,590 38,383 2169.00 
B 2.38 103,574 8,631 2241.40 
C 3.48 151,636 12,636 2206.75 
D 1.30 56,466 4,705 2161.82 
E 3.34 145,451 12,121 2138.76 
F 1.19 51,688 4,307 2123.90 
G 1.38 60,049 5,004 2112.26 
H 1.52 66,064 5,505 2099.05 
I 3.43 149,525 12,460 2080.16 
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K-2. 30-hour drawdown for the water quality volume for facility serving Applicable Area A. 
Drawdown is achieved with a 3.5" orifice set at the invert of the facility. 
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K-3. 30-hour drawdown for the water quality volume for facility serving Applicable Area B. 
Drawdown is achieved with a 1.75" orifice set at the invert of the facility. 
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K-4. 30-hour drawdown for the water quality volume for facility serving Applicable Area C. 
Drawdown is achieved with a 2.10" orifice set at the invert of the facility. 
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Facility Serving Applicable Area D
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K-5. 30-hour drawdown for the water quality volume for facility serving Applicable Area D. 
Drawdown is achieved with a 1.3" orifice set at the invert of the facility. 
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K-6. 30-hour drawdown for the water quality volume for facility serving Applicable Area E. 
Drawdown is achieved with 2-0.5" orifices set at the invert of the facility. 
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K-7. 30-hour drawdown for the water quality volume for facility serving Applicable Area F. 
Drawdown is achieved with 1.2" orifice set at the invert of the facility. 
 

Facility Serving Applicable Area G

2110

2110.5

2111

2111.5

2112

2112.5

2113

0 5 10 15 20 25 30 35 40 45

Time (hr)

St
ag

e 
(ft

)

 
K-8. 30-hour drawdown for the water quality volume for facility serving Applicable Area G. 
Drawdown is achieved with 1.5" orifice set at the invert of the facility. 
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Facility Serving Applicable Area H
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K-9. 30-hour drawdown for the water quality volume for facility serving Applicable Area H. 
Drawdown is achieved with 1.1" orifice set at the invert of the facility. 
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K-10. 30-hour drawdown for the water quality volume for facility serving Applicable Area I. 
Drawdown is achieved with 2.5" orifice set at the invert of the facility. 
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K-11. Control structure design for the Traditional with Water Quality strategy applied to each 
applicable area.  Resulting hydrographs are provided below as part of this Appendix. 

WQ Orifice size 2-year Orifice 10-year Riser or 
orifice 

25-year Weir or 
Riser 

A
pp

lic
ab

le
 

A
re

a 

Dia 
(in) Invert (ft) Size Invert (ft) Size Crest (ft) Size Crest (ft) 

A 3.5 2,165.00 24" Dia. 2,169.00 N/A 48" r 2,171.90 
B 1.8 2,238.10 18" Dia. 2,241.40 N/A 30' w 2,243.70 

C 2.1 2,204.00 20'W x 
6'H 2,206.75 30" r 2,207.85 15' w 2209.4 

D 1.3 2,160.00 13" Dia 2,161.82 18" r 2,163.20 10' w 2,164.60 
E 0.5 2,137.26 15" Dia 2,138.80 23" o 2,143.00 25' w 2,144.80 
F 1.2 2,121.30 12" Dia 2,123.90 7.5" r 2,125.10 30' w 2,126.50 
G 1.5 2,110.50 12" Dia 2,112.26 3.5" r 2,113.00 15' w 2,113.80 
H 1.1 2,094.20 7" Dia 2,099.05 8" r 2,100.40 15' w 2,101.70 
I 2.5 2,078.50 21" Dia 2,080.16 48 r 2,082.40 48" r 2,082.40 

* An 'r' indicates where a riser is used; an 'o' indicates an orifice; a 'w' indicates a rectangular weir. 
 

 
 
K-12. Summary of pre- and post-development peak flows based on the above design for the 
Traditional with Water Quality component strategy.   

2-year 10-year Applicable 
Area pre peak 

(cfs) 
post-peak 

(cfs) 
pre peak 

(cfs) 
post-peak 

(cfs) 
A 15.92 13.47 42.13 41.68 
B 4.29 3.03 11 10.57 
C 6.16 5.97 15.65 14.43 
D 4.29 4.00 11.06 10.83 
E 12.28 11.08 32.25 31.96 
F 3.03 3.03 7.61 7.53 
G 1.59 1.45 4.15 4.15 
H 1.57 1.33 3.95 3.83 
I 5.91 5.18 15.4 13.5 
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Appendix L: Information for the Unit Release Rate strategy 

• L-1: Information for application of the determined unit release rates for 

the 2-year design storm.    

• L-2: Information for application of the determined unit release rates for 

the 25-year design storm.    

• L-3: Control structure design information for achieving the URR strategy 

allowable release rates. 

• L-4: Post-development hydrographs for applicable area A with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 

• L-5: Post-development hydrographs for applicable area B with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 

• L-6: Post-development hydrographs for applicable area C with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 

• L-7: Post-development hydrographs for applicable area D with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 

• L-8: Post-development hydrographs for applicable area E with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 

• L-9: Post-development hydrographs for applicable area F with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 

• L-10: Post-development hydrographs for applicable area G with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 

• L-11: Post-development hydrographs for applicable area H with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 
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• L12: Post-development hydrographs for applicable area I with the Unit 

Release Rate design.  Predevelopment hydrographs are provided for 

comparison. 
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L-1. Information for application of the determined unit release rates for the 2-year design storm.   
Area reflects area of applicable area; allowable release rate is the area multiplied by the URR and 
design value is the actual release rate after modification of the control structure.  

Site ID 
Area 
(ac) 

2-yr URR 
(cfs/acre) 2-yr Allowable Release rate (cfs) Design (cfs) 

A 30.27 0.25 7.57 7.54 
B 5.97 0.25 1.49 1.31 
C 7.56 0.25 1.89 1.89 
D 6.05 0.25 1.51 1.51 
E 21.53 0.25 5.38 4.80 
F 3.98 0.25 1.00 0.83 
G 2.35 0.25 0.59 0.59 
H 2.07 0.25 0.52 0.49 
I 8.77 0.25 2.19 1.92 

 
 
L-2. Information for application of the determined unit release rates for the 25-year design storm.   
Area reflects area of applicable area; allowable release rate is the area multiplied by the URR and 
design value is the actual release rate after modification of the control structure.  

Site ID 
Area 
(ac) 

25-yr URR 
(cfs/acre) 25-yr Allowable Release rate (cfs) Design (cfs) 

A 30.27 2 60.538 58.89 
B 5.97 2 11.94 10.85 
C 7.56 2 15.12 14.15 
D 6.05 2 12.104 10.51 
E 21.53 2 43.052 41.23 
F 3.98 2 7.96 7.05 
G 2.35 2 4.7 4.7 
H 2.07 2 4.132 3.76 
I 8.77 2 17.546 16.49 

 
 
L-3. Control structure design information for achieving the URR strategy allowable release rates. 

2-year Orifice 25-year Riser Applicable 
Area Served Dia. (in) Invert (ft) Dia. (in) Invert (ft) 

A 12 2,165.00 36 2,170.10 
B 5 2,238.10 15 2,242.30 
C 4.5 2,204.00 18 2,208.00 
D 6 2,160.00 15 2,163.50 
E 8.5 2,137.26 34 2,144.10 
F 4 2,121.30 12 2,125.40 
G 2 2,110.50 12 2,113.00 
H 2 2,094.20 9 2,100.10 
I 7 2,078.50 21 2,081.40 
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Appendix M: Information for the Stratified Release Rates strategy 

• M-1: Allowable release rates per applicable area for the 2-, 10- and 25-

year storms.   

• M-2: Control structure design information for achieving the Stratified 

Release Rate strategy allowable release rates.   

• M-3: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 

• M-4: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 

• M-5: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 

• M-6: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 

• M-7: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 

• M-8: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 

• M-9: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 

• M-10: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 
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• M-11: Post-development hydrographs for applicable area A with the 

Stratified Release Rate design.  Predevelopment hydrographs are 

provided for comparison. 
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M-1. Allowable release rates per applicable area for the 2-, 10- and 25-year storms.  Allowable 
release % and predevelopment runoff values determined as described in Section 3.2.3.3.  

Applicable 
Area 

Predevelopment Peak 
Runoff Rate (cfs) 

Allowable release 
(% of predevelopment) 

Allowable release rate 
(cfs) 

2yr 
A 15.9 100 15.9 
B 4.3 100 4.3 
C 6.2 80 5.0 
D 4.3 100 4.3 
E 12.3 80 9.8 
F 3.0 80 2.4 
G 1.6 100 1.6 
H 1.6 80 1.3 
I 5.9 100 5.9 

10yr 
A 42.1 100 42.1 
B 11.0 100 11.0 
C 15.7 80 12.6 
D 11.1 100 11.1 
E 32.3 100 32.3 
F 7.6 80 6.1 
G 4.2 80 3.4 
H 4.0 60 2.4 
I 15.4 100 15.4 

25yr 
A 61.9 100 61.9 
B 16.0 100 16.0 
C 22.7 80 18.2 
D 16.1 100 16.1 
E 47.5 80 38.0 
F 11.0 90 9.9 
G 6.1 90 5.5 
H 5.7 70 4.0 
I 22.6 100 22.6 
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M-2. Control structure design information for achieving the Stratified Release Rate strategy 
allowable release rates.  The primary orifice is generally for detaining the 2-year storm to the 
allowable release rate, the secondary orifice for the 10-year storm and the riser for the 25-year 
storm.  Where a riser is not provided, the secondary orifice served the allowable release function for 
the 25-year storm in addition to the 10-year storm. 

 Primary Orifice Secondary Orifice Riser 
Applicable 

Area Served 
Dia. 
(in) Invert (ft) Dia. (in) Invert (ft) Dia. (in) Invert 

(ft) 
A 19 2,165.00 N/A 30 2,170.00 
B 9 2,238.10 18 2,241.50 10 2,242.90 
C 10 2,204.00 16 2,207.40 15 2,209.00 
D 12 2,160.00 16 2,162.50 N/A 
E 12 2,137.26 28 2,143.10 N/A 
F 7 2,121.30 10 2,124.50 8 2,126.10 
G 7 2,110.50 10 2,112.50 6 2,113.40 
H 5 2,094.20 5 2,099.00 4.5 2,100.80 
I 13 2,078.50 2'Wx 1'H* 2,080.80 21 2,081.80 

* A rectangular orifice was used instead of circular, dimensions are provided 
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Appendix N: Information for the Low Impact Development strategy 

• N-1: Elevation-area information for facility serving Applicable Area A.   

• N-2: Elevation-area information for facility serving Applicable Area B.   

• N-3: Elevation-area information for facility serving Applicable Area C.   

• N-4: Elevation-area information for facility serving Applicable Area D.   

• N-5: Elevation-area information for facility serving Applicable Area E.   

• N-6: Elevation-area information for facility serving Applicable Area F.   

• N-7: Elevation-area information for facility serving Applicable Area G.   

• N-8: Elevation-area information for facility serving Applicable Area H.   

• N-9: Elevation-area information for facility serving Applicable Area I.  

• N-10: Control structure design information for achieving the Low Impact 

Development strategy objectives.   

• N-11: Pre- and post-development hydrographs for applicable area A with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area B with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area C with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area D with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area E with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area F with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area G with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area H with 

the traditional with water quality design. 

• N-11: Pre- and post-development hydrographs for applicable area I with 

the traditional with water quality design. 
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N-1. Elevation-area information for facility serving Applicable Area A.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
 

 
N-2. Elevation-area information for facility serving Applicable Area B.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
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N-3. Elevation-area information for facility serving Applicable Area C.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
 
 
 

 
N-4. Elevation-area information for facility serving Applicable Area D.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
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N-5. Elevation-area information for facility serving Applicable Area E.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
 

 
N-6. Elevation-area information for facility serving Applicable Area F.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
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N-7. Elevation-area information for facility serving Applicable Area G.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
 
 

 
N-8. Elevation-area information for facility serving Applicable Area H.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
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N-9. Elevation-area information for facility serving Applicable Area I.  Storage is provided beneath 
the primary orifice to provide storage that simulates the reduction in volume specified with the LID 
strategy. 
 
 
N-10. Control structure design information for achieving the Low Impact Development strategy 
objectives.   

Orifice 
Secondary 

Orifice Riser Weir Facility 
Serving 

Applicable 
Area 

Invert 
Elevation 

(ft) 

Type/ Size* 
(in) 

Crest 
Elevation 

(ft) 

Type/ 
Size* 
(in) 

Crest 
Elevation 

(ft) 

Dia 
(ft) 

Crest 
Elevation 

(ft) 

Length 
(ft) 

A 2,165.00 28 (2) N/A 2,169.40 48 N/A 
B 2,238.80 12 (2) N/A 2,241.50 48 N/A 
C 2,204.00 24 N/A 2,207.00 48 N/A 
D 2,160.00 1'H x 4'W (R) N/A N/A 2,163.00 15 
E 2,137.26 18 2,140.10 17 2,143.50 48 N/A 
F 2,121.30 9 (2) N/A N/A 2,124.40 30 
G 2,110.50 10 (2) N/A 2,112.10 48 N/A 
H 2,094.20 7 (2) N/A 2,097.90 36 N/A 
I 2,078.50 24 (2) N/A 2,080.50 48 N/A 

* All orifices are circular unless an (R) is indicated for rectangular orifice, area of rectangular orifice is 
provided 
** Orifice coefficient = 0.6 in all cases 
*** Weir coefficient = 3.1 in all cases 
**** Weir is suppressed type in all cases 
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Appendix O: Information for the Full Spectrum Detention strategy 

• O-1: Corresponding elevation within each facility for the EURV 

calculation worksheet, plus 10%.   

• O-2: Control Structure information for each facility serving each 

applicable area used to achieve the FSD design objectives.   

• O-3: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area A.  

• O-4: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area B.  

• O-5: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area C.  

• O-6: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area D.  

• O-7: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area E.  

• O-8: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area F.  

• O-9: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area G.  

• O-10: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area H.  

• O-11: 72-hour drawdown for the EURV plus 10% for facility serving 

Applicable Area I.  

• O-12: Post-development hydrographs for applicable area A with the Full 

Spectrum Detention design. 

• O-13: Post-development hydrographs for applicable area B with the Full 

Spectrum Detention design. 

• O-14: Post-development hydrographs for applicable area C with the Full 

Spectrum Detention design. 



 8-118

• O-15: Post-development hydrographs for applicable area D with the Full 

Spectrum Detention design. 

• O-16: Post-development hydrographs for applicable area E with the Full 

Spectrum Detention design. 

• O-17: Post-development hydrographs for applicable area F with the Full 

Spectrum Detention design. 

• O-18: Post-development hydrographs for applicable area G with the Full 

Spectrum Detention design. 

• O-19: Post-development hydrographs for applicable area H with the Full 

Spectrum Detention design. 

• O-20: Post-development hydrographs for applicable area I with the Full 

Spectrum Detention design. 
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O-1. Corresponding elevation within each facility for the EURV calculation worksheet, plus 10%.   

Applicable 
Area 

% Impervious 
(x) 

EURV as 
inches per 

acre 
(0.0235x) 

Area 
(acres) 

EURV 
(ft3) 

EURV + 
10% 
(ft3) 

Corresponding 
Stage in 

Facility (ft) 

A 34.93 0.82 30.27 90,199 99,219 2172.4 
B 39.83 0.94 5.97 20,283 22,312 2,244.2 
C 46.05 1.08 7.56 29,695 32,665 2,210.2 
D 21.42 0.50 6.05 11,058 12,164 2163.8 
E 15.51 0.36 21.53 28,484 31,333 2145.3 
F 4.65 0.11 25.51 10,122 11,134 2126.2 
G 58.66 1.38 2.35 11,760 12,935 2114.2 
H 73.41 1.73 2.07 12,938 14,231 2102.8 
I 39.13 0.92 8.77 29,282 32,210 2081.9 

 
 
O-2. Control Structure information for each facility serving each applicable area used to achieve the 
FSD design objectives.   

EURV + 10% 
Drawdown Orifice Secondary Orifice Riser Facility 

Serving 
Applicable 

Area Dia. (in) Invert (ft) Dia. (in) Invert (ft) Dia. 
(in) Crest (ft) 

A 2.7 2,165.00 N/A 60 2,172.40 
B 1.4 2,238.10 N/A 36 2,244.20 
C 1.8 2,204.00 N/A 27 2,210.20 
D 1.2 2,160.00 N/A 20 2,163.80 
E 1.4 2,137.26 19 (3) 2,145.30 N/A 
F 1.0 2,121.30 19 2,126.20 N/A 
G 1.2 2,110.50 60 2,114.20 N/A 
H 1.0 2,094.20 48 2,102.80 N/A 
I 2.0 2,078.50 N/A 28 2,081.90 

* Orifice coefficient = 0.6 in all cases 
** Weir coefficient = 3.1 in all cases; weir is suppressed type in all cases  
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O-3. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area A. Drawdown is 
achieved with 2.7" orifice set at the invert of the facility. 
 

 
O-4. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area B. Drawdown is 
achieved with 1.4" orifice set at the invert of the facility. 
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O-5. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area C. Drawdown is 
achieved with 1.8" orifice set at the invert of the facility. 
 

 
O-6. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area D. Drawdown is 
achieved with 1.2" orifice set at the invert of the facility. 
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O-7. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area E. Drawdown is 
achieved with 1.4" orifice set at the invert of the facility. 
 

 
O-8. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area F. Drawdown is 
achieved with 1.0" orifice set at the invert of the facility. 
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O-9. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area G. Drawdown 
is achieved with 1.2" orifice set at the invert of the facility. 
 

 
O-10. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area H. Drawdown 
is achieved with 1.0" orifice set at the invert of the facility. 
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O-11. 72-hour drawdown for the EURV plus 10% for facility serving Applicable Area I. Drawdown 
is achieved with 2.0" orifice set at the invert of the facility. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 8-125

 
 

Ap
pl

ic
ab

le
 A

re
a 

A 
- F

ul
l S

pe
ct

ru
m

 D
et

en
tio

n

010203040506070

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

SD
25

-y
ea

r F
SD

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

2.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
A

 w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-126

 

 

Ap
pl

ic
ab

le
 A

re
a 

B
 - 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n

024681012141618

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

SD
25

-y
ea

r F
SD

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

3.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
B

 w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-127

 

 

Ap
pl

ic
ab

le
 A

re
a 

C
 - 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n

0510152025

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

SD
25

-y
ea

r F
SD

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

4.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
C

 w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-128

 

 
 

Ap
pl

ic
ab

le
 A

re
a 

D
 - 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n

024681012141618

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

SD
2-

ye
ar

 F
SD

10
-y

ea
r F

S
D

25
-y

ea
r F

S
D

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

5.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
D

 w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-129

 

 

Ap
pl

ic
ab

le
 A

re
a 

E 
- F

ul
l S

pe
ct

ru
m

 D
et

en
tio

n

05101520253035404550

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

S
D

25
-y

ea
r F

S
D

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

6.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
E

 w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-130

 

 

Ap
pl

ic
ab

le
 A

re
a 

F 
- F

ul
l S

pe
ct

ru
m

 D
et

en
tio

n

024681012

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

SD
25

-y
ea

r F
SD

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

7.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
F 

w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-131

 

 

Ap
pl

ic
ab

le
 A

re
a 

G
 - 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n

01234567

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

S
D

25
-y

ea
r F

S
D

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

8.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
G

 w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-132

 

 
 

Ap
pl

ic
ab

le
 A

re
a 

H
 - 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n

0123456

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

S
D

25
-y

ea
r F

S
D

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-1

9.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
H

 w
ith

 th
e 

Fu
ll 

Sp
ec

tr
um

 D
et

en
tio

n 
de

si
gn

. 



 8-133

 
 

Ap
pl

ic
ab

le
 A

re
a 

I -
 F

ul
l S

pe
ct

ru
m

 D
et

en
tio

n

0510152025

8
9

10
11

12
13

14
15

16
17

18

Ti
m

e 
(h

r)

Flow (cfs)

1-
ye

ar
 F

S
D

2-
ye

ar
 F

S
D

10
-y

ea
r F

SD
25

-y
ea

r F
SD

1-
ye

ar
 p

re
2-

ye
ar

 p
re

10
-y

ea
r p

re
25

-y
ea

r p
re

O
-2

0.
 P

os
t-

de
ve

lo
pm

en
t h

yd
ro

gr
ap

hs
 fo

r 
ap

pl
ic

ab
le

 a
re

a 
I w

ith
 th

e 
Fu

ll 
Sp

ec
tr

um
 D

et
en

tio
n 

de
si

gn
. 



 8-134

Appendix P: Information for the Volumetric Design Procedure strategy 

• P-1: Control Structure information for each facility serving each 

applicable area used to achieve the VDP design objectives.   

• P-2: Comparison of pre- and post development volumes released during 

the critical time period for the 2- and 25-year design storms.  

• P-3: Post-development hydrographs for applicable area A with the 

Volumetric Design Procedure design. 

• P-4: Post-development hydrographs for applicable area B with the 

Volumetric Design Procedure design. 

• P-5: Post-development hydrographs for applicable area C with the 

Volumetric Design Procedure design. 

• P-6: Post-development hydrographs for applicable area D with the 

Volumetric Design Procedure design. 

• P-7: Post-development hydrographs for applicable area E with the 

Volumetric Design Procedure design. 

• P-8: Post-development hydrographs for applicable area F with the 

Volumetric Design Procedure design. 

• P-9: Post-development hydrographs for applicable area G with the 

Volumetric Design Procedure design. 

• P-10: Post-development hydrographs for applicable area H with the 

Volumetric Design Procedure design. 

• P-11: Post-development hydrographs for applicable area I with the 

Volumetric Design Procedure design. 
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P-1. Control Structure information for each facility serving each applicable area used to achieve the 
VDP design objectives.   

Primary Orifice* Riser** Facility Serving Applicable Area 
Dia (in) Invert (ft) Dia (in) Crest (ft) 

A 13.0 2,165.00 26.0 2,170.00 
B 6.0 2,238.10 12.0 2,242.10 
C 7.0 2,204.00 12.0 2,207.80 
D 8.0 2,160.00 12.0 2,163.00 
E 10.0 2,137.26 21.0 2,143.70 
F 5.0 2,121.30 10.0 2,125.10 
G 3.5 2,110.50 10.0 2,113.10 
H 1.5 2,094.20 10.0 2,101.30 
I 8.0 2,078.50 18.0 2,081.30 

* Orifice coefficient = 0.6 in all cases 
** Weir coefficient = 3.1 in all cases; Weir is suppressed type in all cases 

 
 
P-2. Comparison of pre- and post development volumes released during the critical time period for 
the 2- and 25-year design storms. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Applicable Area 

2-year 
predevelopment 
volume released 
during the critical 

time period 

2-year post-
development 

volume released 
during the critical 

time period 

25-year 
predevelopment 
volume released 
during the critical 

time period 

25-year post-
development 

volume released 
during the critical 

time period 
A 11,504 11,223 53,497 52,897 
B 3,793 3,476 15,464 14,722 
C 5,508 5,231 21,255 19,475 
D 3,768 3,400 15,460 14,764 
E 9,600 8,539 43,048 41,138 
F 2,675 2,484 10,707 10,260 
G 1,400 1,278 5,827 5,724 
H 1,388 1,181 5,555 5,332 
I 5,202 4,945 21,667 21,615 
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Appendix Q: Strategy Comparison Hydrographs at the POI 

• Q-1: Comparison of runoff hydrographs for all scenarios at the 

watershed outfall for the 1-year design storm. 

• Q-2: Inset from previous page: Comparison of runoff hydrographs for all 

scenarios at the watershed outfall for the 1-year design storm. 

• Q-3: Comparison of runoff hydrographs for all scenarios at the 

watershed outfall for the 2-year design storm. 

• Q-4: Inset from previous page: Comparison of runoff hydrographs for all 

scenarios at the watershed outfall for the 2-year design storm. 

• Q-5: Comparison of runoff hydrographs for all scenarios at the 

watershed outfall for the 10-year design storm. 

• Q-6: Inset from previous page: Comparison of runoff hydrographs for all 

scenarios at the watershed outfall for the 10-year design storm. 

• Q-7: Comparison of runoff hydrographs for all scenarios at the 

watershed outfall for the 25-year design storm. 

• Q-8: Inset from previous page: Comparison of runoff hydrographs for all 

scenarios at the watershed outfall for the 25-year design storm. 
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Appendix R: Information for the Tailored Strategy 

• R-1: Control Structure information for each facility serving each 

applicable area used to achieve the Tailored design objectives.   

• R-2: Comparison of pre- and post-development peak runoff rates for 

each applicable area with the tailored strategy.  

• R-3: Post-development hydrographs for applicable area A with the 

Tailored strategy design. 

• R-4: Post-development hydrographs for applicable area B with the 

Tailored strategy design. 

• R-5: Post-development hydrographs for applicable area C with the 

Tailored strategy design. 

• R-6: Post-development hydrographs for applicable area D with the 

Tailored strategy design. 

• R-7: Post-development hydrographs for applicable area E with the 

Tailored strategy design. 

• R-8: Post-development hydrographs for applicable area F with the 

Tailored strategy design. 

• R-9: Post-development hydrographs for applicable area G with the 

Tailored strategy design. 

• R-10: Post-development hydrographs for applicable area H with the 

Tailored strategy design. 

• R-11: Post-development hydrographs for applicable area I with the 

Tailored strategy design. 
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R-1. Control Structure information for each facility serving each applicable area used to achieve the 
Tailored design objectives.   

WQ Orifice size Primary Orifice Secondary Orifice Riser Applicable 
Area Dia (in) Invert (ft) Size Invert 

(ft) Size Crest (ft) Size Crest (ft) 

A 3.5 2,165.00 24" Dia. 2,169.00 N/A 24" 2,171.90 
B 1.8 2,238.10 18" Dia. 2,241.40 N/A 24" 2,243.70 

C 2.1 2,204.00 20'W x 
6'H 2,206.75 N/A 30" 2,207.85 

D 1.3 2,160.00 13" Dia 2,161.82 N/A 18" 2,163.20 
E 0.5 2,137.26 15" Dia 2,138.80 23"  2,143.00 N/A 
F 1.2 2,121.30 12" Dia 2,123.90 N/A 7.5" 2,125.10 
G 1.5 2,110.50 12" Dia 2,112.26 N/A 3.5" 2,113.00 
H 1.1 2,094.20 7" Dia 2,099.05 N/A 8" 2,100.40 
I 2.5 2,078.50 21" Dia 2,080.16 N/A 18" 2,082.40 

 
 
 
R-2. Comparison of pre- and post-development peak runoff rates for each applicable area with the 
tailored strategy.   

1-year 2-year 10-year 25-year 
Applicable 

Area 
pre 

peak 
(cfs) 

post-
peak 
(cfs) 

pre 
peak 
(cfs) 

post-
peak 
(cfs) 

pre 
peak 
(cfs) 

post-
peak 
(cfs) 

pre 
peak 
(cfs) 

post-
peak 
(cfs) 

A 4.64 4.54 15.92 13.59 42.13 41.75 61.9 61.90 
B 2.32 0.99 4.29 3.03 11.00 10.56 16.02 14.96 
C 3.47 2.35 6.16 4.61 15.65 15.05 22.74 21.80 
D 2.33 1.94 4.29 3.98 11.06 10.85 16.14 12.47 
E 6.70 8.58 12.28 11.08 32.25 31.96 47.50 37.95 
F 1.69 1.50 3.03 3.03 7.61 7.54 11.03 10.54 
G 0.88 0.58 1.59 1.45 4.15 4.15 6.08 5.24 
H 0.88 0.71 1.57 1.32 3.95 3.86 5.72 4.30 
I 3.30 2.18 5.91 4.88 15.4 13.49 22.57 21.96 
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Appendix S: Watershed Runoff hydrographs for the Tailored Strategy 

• S-1: Comparison of runoff hydrographs for the overall watershed 

resulting from implementation of the Tailored strategy for the 1-year 

design storm, compared to the watershed baseline hydrographs. 

• S-2: Comparison of runoff hydrographs for the overall watershed 

resulting from implementation of the Tailored strategy for the 2-year 

design storm, compared to the watershed baseline hydrographs. 

• S-3: Comparison of runoff hydrographs for the overall watershed 

resulting from implementation of the Tailored strategy for the 10-year 

design storm, compared to the watershed baseline hydrographs. 

• S-4: Comparison of runoff hydrographs for the overall watershed 

resulting from implementation of the Tailored strategy for the 25-year 

design storm, compared to the watershed baseline hydrographs. 
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